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ABSTRACT

We report the results of 20, 6, and 2 cm VLA and 1.5 cm OVRO observations of two similar radio-
quiet active galaxy and quasar (AGN) samples: the optically selected CfA Seyfert galaxies and the bolo-
metric flux-limited 12 um active galaxy sample. Every object observed was detected at 6 cm. Only
~6%—8% of the 12 um sample Seyfert galaxies (three to four objects) are radio-loud (and none of the
CfA sample), as compared to 15%—-20% for the Bright Quasar Survey quasars. These radio-loud objects
are compact and have flat spectra, distinguishing them from the more common radio-quiet objects.

The 6-20 cm slopes of the Seyfert 1’s and 2’s are similar, with average values of (22%, > = —0.66 and
—0.71, respectively. Although several Seyfert 1’s are significantly flatter than this in their 6-20 and/or
1.5-6 cm slopes, there is no systematic trend for either Seyfert type to display upward or downward
spectral curvature.

Excluding the radio-loud quasars, the integrated 6 cm radio luminosity is linearly proportional to the
60 um luminosity over several orders of magnitude, with on average twice the radio power of normal
spirals of the same far-infrared power. About half of the objects show extended 6 cm emission, contrib-
uting on average 33% of the total flux. Thus the luminosities of these extended components alone are
comparable to normal spirals of similar infrared luminosities.

The 12 ym sample radio luminosity function is slightly higher than that of the CfA sample. The inte-
grated space density of Seyfert 2’s is ~2 times that of Seyfert 1’s over their common range in luminosity.
In terms of the standard unified model, this ratio in space density corresponds to a typical half-angle of

the torus of 6 ~ 48°.

Subject headings: galaxies: active — galaxies: Seyfert — infrared: galaxies —

radio continuum: galaxies — surveys

1. INTRODUCTION

The most fundamental division between different types of
extragalactic radio sources is radio-loud versus radio-quiet,
where radio-loud objects are those with much higher radio
luminosities, both in absolute terms (Lg., > 10*? ergs
s~ 1—Miller, Peacock, & Mead 1990) and relative to other
wavelengths (e.g., a factor of ~10* more luminous at 6 cm
for a given [O mi] luminosity—Wilson & Colbert 1995).
Radio-quiet active galaxies and quasars (generically
referred to as AGNs herein) can further be divided into
radio-quiet quasars, Seyfert 1’s, and Seyfert 2’s (the differ-
ence between the first two being, perhaps, just total absolute
luminosity).

Furthermore, quantifying any differences between the
average radio properties of various types (e.g., radio-loud
vs. radio-quiet objects or Seyfert 1’s vs. Seyfert 2’s) also has
direct applications toward unified models that relate differ-
ent classes through effects such as relativistic beaming or
orientation-dependent obscuration. According to the basic
unified model for Seyfert galaxies, the nuclei of Seyfert 2’s
are intrinsically similar to those of Seyfert 1’s, yet viewed
edge-on, so that our view to the innermost parts of the

! Current address: The Carnegie Observatories, 813 Santa Barbara
Street, Pasadena, CA 91101-1292.

nucleus, including the “broad-line ” region, is obscured by a
molecular torus. More complicated models expand on this
picture by including other parameters that vary from object
to object, such as the thickness of the torus or mass of the
central engine. These models can be tested observationally
by the fact that they predict many differences between the
multiwavelength properties of type 1 and type 2 Seyfert
galaxies (Antonucci 1993). A general prediction of this
model is that isotropic properties (originating at radii
outside the torus) will be similar in Seyfert 1’s and 2’s but
that emission from the innermost regions will be
orientation-dependent and thus will differ between Seyfert
I’sand 2’s.

As an example, a potential challenge to the simplest form
of these unified models was found in early studies conclud-
ing that type 2 Seyfert galaxies have stronger and larger
nuclear radio sources than type 1 Seyfert galaxies (de Bruyn
& Wilson 1978; Meurs & Wilson 1984 ; Ulvestad & Wilson
1984a, 1984b). However, these studies were influenced by
selection effects in the Markarian sample, causing the
weaker Seyfert 2 galaxies to be omitted from the samples. In
contrast, samples selected largely from the CfA redshift
survey show no significant difference between the radio
sources in the different Seyfert types (Edelson 1987, here-
after E87; Ulvestad & Wilson 1989; Giuricin et al. 1990).
Determining which result holds for the true population of
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Seyfert galaxies in the local universe requires observations
of a well-defined sample large enough for significant sta-
tistical analysis.

We have therefore obtained 6 and 20 cm data from the
VLA (and some single-dish 1.5 cm fluxes) for two samples of
bright, nearby AGNs that are mostly radio-quiet, specifi-
cally classified as Seyfert 1’s and Seyfert 2’s. We use these
data to investigate the characteristics of the observed radio
and multiwavelength properties of Seyfert galaxies and to
study the differences in these properties between Seyfert
classes.

Since radio-quiet AGNs reside in host galaxies that may
also contribute significantly to the overall observed spectral
energy distribution, we also need to determine the relative
contribution from the central and extended components.
With this in mind, we will discuss several of the results
presented herein in terms of a two-component model, where
the central component (i.e., the nucleus plus other unre-
solved flux) accounts for most of the radio flux but where an
extended component, with a lower radio—infrared flux ratio,
also contributes significantly.

In § 2 (and Appendix A) we discuss the target selection
and observations. The analysis is in the next five sections: in
§ 3, we discus radio spectral properties; in § 4, compactness
and extended emission; in § 5, the correlation between radio
and infrared luminosities; in § 6, the frequency of radio-loud
objects in the 12 ym sample; and in § 7, radio luminosity
functions. A summary is given in § 8

2. OBSERVATIONS AND DATA REDUCTION

The CfA and 12 um Seyfert galaxy samples are believed
to be relatively free of selection effects and systematic biases
that have plagued other samples such as the Markarian
Seyfert galaxies (see Appendix A; see also Huchra & Burg
1992; Rush, Malkan, & Spinoglio 1993, hereafter RMS93).
As the CfA sample is optically selected while the 12 um
sample was selected in the infrared, they will enable us to
compare the radio properties of samples with very different
selection criteria (mid-IR and optical, respectively) as well
as to compare the properties of each sample to those of
radio-selected objects. We therefore obtained VLA 6 and
20 cm data of virtually all objects in both samples that are
observable from the VLA (with the exception of a few
objects that were added to the final definition of these
samples after we began this project).

The new observations presented in this paper were
carried out during 1990-1991. Seven CfA Seyfert galaxies
with missing VLA data or upper limits in E87 were
observed during 1990 January. The 12 um sample Seyfert
galaxies (that were not also observed as part of the CfA
sample in E87) were observed during two runs in 1991
March. Single snapshots were taken with integration times
of 10 minutes at 6 cm and 2.5 minutes at 20 cm for 34
objects in each band. Every object observed was detected
above the 3 o noise levels of 0.35 at 6 cm, and most above
1.0 mJy at 20 cm. The observations presented in E87 (both
the VLA and OVRO data), and also discussed here, were
taken during 1983 July.

To make comparisons at different wavelengths, we com-
bined untapered D-array measurements at 20 cm, tapered
beam data at 6 cm, and single-dish 1.5 cm observations to
achieve a fairly uniform beamwidth of ~1.5 FWHM. In
addition, untapered (typical beam FWHM ~15") 6 cm
measurements are also used for measuring the flux of the

compact region. Since the radio sources in nearby Seyfert
galaxies are often partially resolved on longer baselines, this
large beam will yield the most uniform database without
introducing biases by mixing data from different arrays. The
VLA maps were calibrated with the standard AIPS soft-
ware and CLEANed with the AIPS task MX, and finally we
used the AIPS task IMFIT to fit to an elliptical Gaussian to
each map to measure the central flux density. The reduction
of the OVRO data is described in E87.

Potential variability is not likely to affect our results in
any significant way, since most of our observations are at
least quasi-simultaneous. The data at 6 cm and 20 cm (and,
where it exists, at 2 cm) were taken on the same day for any
given object, and the OVRO 1.5 cm observations were
made within 2 weeks of the VLA observations for the same
object (except for NGC 5273, for which the 20 cm data were
taken in 1991 and 1.5 and 6 cm data were taken in 1983).

Table 1 presents the data. Column (1) gives the name of
each object, column (2) gives the Seyfert type, column (3)
gives the sample (12 um and/or CfA), and column (4) gives
the redshift. The next columns give the flux densities and
uncertainties (in mJy) at 20 cm, 6 cm (both high [h] and low
[1] resolution, for untapered and tapered beams, respec-
tively), and 1.5 cm. (For the five objects noted in the table
footnote, this last data point is actually a 2 cm observation
taken with the VLA and should be considered only as a
lower limit, since the VLA beam size is much smaller than
that at OVRO.) The quoted uncertainty is the quadratic
sum of the statistical errors and an estimated 5% uncer-
tainty in the calibration. Upper limits are at 3 ¢. The final
column indicates where these data were first reported
(R = this work; E = E87). We list all of our new observed
fluxes and those from E87 in Table 1, so that readers can
readily have available the complete VLA data for both the
12 ym and CfA samples.

In Table 2 we present derived properties. The first three
columns are the same as in Table 1. Columns (4) and (5) give
the radio spectral indices, a¢ 5 and «2°, using the tapered 6
cm beam for accurate comparison to the other wavelengths.
Columns (6) and (7) present the radio-IR spectral indices
between 6 cm and both 60 um and 12 um. The IRAS data
were obtained from RMS93 for objects in the 12 yum sample
and from Edelson, Malkan, & Rieke (1987) for those CfA
sample Seyfert galaxies not in the 12 ym sample. Column (8)
gives the IRAS 25-60 um spectral index. Columns (9), (10),
and (11) give the 6 cm, 20 cm, and 60 ym monochromatic
luminosities? (vL,, in units of ergs s~*). Column (12) gives
the radio-compactness parameter, defined as R =
S6 em,n/S6 cm,1» following E87. We stress that this R param-
eter is not a ratio of the flux from the unresolved AGN
nucleus to that from the entire galaxy, as others have used.
Rather, it is a ratio of the “central” flux to that from the
entire galaxy, where by “central” we mean the less-
extended flux in a general sense. This central flux is not to
be confused with the unresolved “nuclear” flux, since it
would include this flux plus any double, triple, and/or
jetlike sources associated with the nucleus, as well as cir-
cumnuclear or inner disk emission related to a starburst.
With this in mind, we will refer to the numerator and
denominator of this R parameter (i.e., the S¢ ., , and S o1
values) as the “central” and “total” 6 cm flux (where
total = central plus “extended”) throughout this paper.

2 We assume a value of H, = 75 km s~ ! Mpc~* throughout this paper.
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TABLE 1
RADIO OBSERVATIONS®

S20em 36c1n,h SGcm,l S1.5¢m
Source® T¢ Sam? z (mJy) (mJy) (mJy) (mJy) 0°
MK334 1.8 CfA 0.024 269 + 1.9 11.2 £ 0.8 114 + 0.8 4.5 & 0.7 E
MK335 1 124+C 0.027 4.1 £ 0.9 33 % 0.2 29+ 0.2 < 1.7 E
'D: 0048842907 1 CfA 0.036 73 % 0.6 2.0 £ 0.2 28 + 03 <18 E
2 1ZW1=MK1502 1 124C 0.062 84+ 1.0 28 + 0.2 31+ 03 <19 E
& N424=TOL0109 2 12 0.012 172+ 09 17.2 + 0.9 R
MK993 1.5 CfA 0.017 35+ 0.5 22+ 0.2 1.9+ 0.2 <22 B
MK573 2 CfA 0.018 16.1 &+ 1.4 714 0.5 7.4+ 05 <18 E
0152740622 1.9 CfA 0.018 15.0 £ 2.2 94 + 0.7 99 £ 0.8 3.7+% 0.6 E
MK590 1 CfA 0.027 112 £ 1.5 52+ 0.4 76+ 0.6 3.6+ 0.6 E
N931=MK1040 1 12 0.018 12.2 + 0.9 3.2+ 0.3 6.2 + 0.4 R
N1068=M77 2 124+C 0.004 4610.0 £ 325.6 13300t 95.1 1800.0+ 127.3 450.0+ 40.8 E
N1097 2 12 0.005 204.0 + 12.0 58.0 + 3.8 98.6 = 5.1 R
N1143/4 2 124C 0.029 146.0 £ 10.3 293 + 2.2 49.4 + 3.5 139 + 1.5 E
N1320=MK607 2 12 0.010 3.7 0.2 3.5+ 0.2 R
N1365 1 12 0.006 293.5 209 106.2 + 6.6 155.7 £ 8.0 R
N1386 2 12 0.003 19.8 &+ 1.0 21.5 + 1.1 R
3C120=MK1506 1 12 0.033 4323.0 £ 2177 3984.0+ 1993 40260+ 201.5 R
MKé618 1 12 0.035 18.1 + 1.3 55+ 0.4 6.8 £ 0.4 R
F04385—-0828 2 12 0.015 17.4 + 1.8 12.6 £ 0.9 11.2 £ 0.7 R
N1667 2 12 0.015 20.7 + 1.3 24.7 £ 1.3 R
F05189—2524 2 12 0.041 28.7 + 2.0 149 £+ 0.8 17.0 0.9 R
MK79 1 12 0.022 19.8 + 1.1 6.7 + 0.3 7.7+ 0.4 R
0J287 1 12 0.305 2076.8 + 104.0 2633.0+ 131.7 2619.0%+ 131.0 R
F08572+43915 2 12 0.058 86+ 1.4 49 £ 0.2 44 £ 0.2 R
N2992 1 12 0.006 79.8 + 4.0 81.6 + 4.2 R
MK1239 1 12 0.019 62.9 + 3.3 259 + 1.3 259 £ 1.3 R
MK1243 1 CfA 0.035 < 4.8 04+ 0.1 <06 < 2.6 E
N3227 1.5 124C 0.003 101.0 £ 7.5 275 + 2.0 35.0 + 2.6 9.2 + 1.3 E
N3362 2 CfA 0.026 11.6 + 1.0 2.5 & 0.2 4.5 + 04 <23 E
1058744555 2 CfA 0.028 145 + 1.9 3.7% 0.3 3.5 % 04 <26 E
N3516 1.5 124C 0.010 15.5 + 1.3 6.4 £ 0.6 10.6 £ 1.1 53+ 1.0 E
MK744 1.8 CfA 0.008 17.5 £ 1.5 5.4 % 0.4 7.0 05 <29 E
N3982 2 124+C 0.005 42.5 + 6.2 294 % 4.6 1.2+ 0.2 R
N4051 1 124C 0.002 40.6 + 3.1 74+ 0.6 11.6 + 0.9 7.4+ 1.2 E
N4151 1.5 CfA 0.003 316.0 + 22.5 125.0 £ 8.9 125.0 + 8.9 39.9 + 3.9 B
N4235 1 CfA 0.007 9.5 % 0.9 4.7 £ 0.4 5.8 + 0.4 8.1+ 1.2 E
N4253=MK766 1.5 124C 0.013 359+ 2.6 15.8 £ 1.1 154 + 1.1 53 % 0.7 E
N4388 2 124C 0.007 1185 £ 11.8 344 + 2.3 45.0 + 2.4 9.1k 0.5 R
3C273 1 12 0.157 47250.0+ 2399.5 R
MK205 1 CfA 0.070 6.4 % 0.8 0.6 + 0.1 1.8+ 0.2 1.2 & 0.1 R
N4501=M8&8 2 12 0.005 4.2 + 0.8 13.0 + 1.3 R
N4593=MK1330 1 12 0.007 26+ 0.2 2.7 0.2 R
TOL1238-364 2 12 0.010 79.6 + 4.5 28.7 + 1.7 34.7 & 1.8 R
MK231=U8058 1 124C 0.041 255.0 + 18.2 270.0 + 19.4 278.0 + 19.0 123.0+ 126 E
N4968 2 12 0.008 371 % 2.0 154 & 0.8 155 + 0.8 R
N5033 1.9 124C 0.002 108.0 £ 7.8 129 %+ 1.0 398 + 2.8 15.6 + 2.0 E
M-3-34-64 2 12 0.016 251.8 12.7 94.2 + 4.7 91.1 £ 4.6 R
N5135 2 12 0.012 191.6 £ 9.7 65.0 3.3 69.7 + 3.5 R
N5194=M51 2 12 0.002 247.3 + 28.7 29.8 + 2.9 713 + 5.1 R
M-6-30-15 1 12 0.006 29.5 £ 10.1 140 + 0.7 R
F13349+2438 1 12 0.106 21.6 + 1.4 R
133544-3924 1.8 CfA 0.019 < 37.5 1.6 £ 0.1 1.3+ 03 <18 E
N5252 1.9 CfA 0.022 19.6 £ 1.5 16.2 + 1.2 18.1 + 1.3 84 + 1.1 E
N5256=MK266 2 CfA 0.027 107.0 £ 8.2 334 2.4 433 + 3.1 149 + 1.5 E
MK270 2 CfA 0.009 123 + 1.0 49 £ 0.4 5.2+ 05 < 3.7 E
N5273 1.9 CfA 0.003 34+ 0.3 1.6 & 0.2 2.0 + 03 <24 E
MK461 2 CfA 0.016 5.6 + 1.7 24 0.1 3.2+ 0.2 1.1 % 0.2 R
14329A 1 12 0.015 70.4 £ 3.8 315 + 1.6 33.7% 1.7 R
N5347 2 124+C 0.007 6.4 + 1.0 3.0 0.2 3.6 % 0.2 R
MK279 1 CfA 0.030 224 % 1.8 7.4 0.5 73 % 05 <33 E
MK463 2 12 0.050 376.0 £ 19.1 107.2 5.4 1101 + 5.5 R
N5506=MK1376 2 12 0.005 2759 + 40.8 170.1 + 8.5 1702 + 8.6 R
14397 2 CfA 0.014 11.7 + 1.0 3.1+ 0.2 4.6 + 0.2 1.3+ 0.2 R
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TABLE 1—Continued

S20em Secm,h Secm,l S1.5em
Source® T¢ Sam¢ z (mJy) (mJy) (mJy) (mJy) 0°
N5548=MK1509 1.5 12+C 0.016 40.7 £ 3.0 105 + 0.8 138 + 1.1 3.8+ 0.7 E
N5674 1.9 CfA 0.024 28.6 + 2.2 3.7+ 0.3 9.6 + 0.8 29 % 0.8 E
MKS817 1.5 124C 0.031 100 £ 1.0 6.0 = 0.4 5.2 + 05 <25 E
MK686 2 CfA 0.014 5.6 + 0.7 1.7+ 0.1 29 % 05 <21 E
MK841 1.5 CfA 0.036 < 14.8 39+ 1.0 6.5 & 21 <22 E
N5929 2 12+C 0.010 100.0 £ 7.2 20.8 + 2.7 420 + 3.0 143 + 1.4 E
N5940 1 CfA 0.034 85+ 1.3 23+ 0.2 43 £ 04 <19 E
N5953 2 12 0.006 102.8 + 10.3 25.2 + 1.4 334 % 1.9 R
U9913=ARP220 2 12 0.018 3276 16.5 215.6 + 10.8 2139 + 10.7 R
1614643549 1.5 CfA 0.028 93 % 1.2 14+ 0.1 2.8 + 03 <28 E
N7130=I5135 2 12 0.017 166.6 + 8.7 62.0 + 3.2 66.2 = 3.3 R
N7172 2 12 0.010 299 + 1.9 13.7 & 0.8 15.6 0.8 R
2237740747 1.8 CfA 0.026 13.7 £ 1.3 4.6 + 0.3 44 + 0.5 2.1+ 0.7 E
N7469=MK1514 1 124C 0.018 1710 £ 12.3 66.1 + 4.7 714 £ 5.1 22.2 + 2.2 E
N7603=MK530 1.5 CfA 0.031 28.6 + 2.1 115 £ 0.8 11.7 + 0.8 4.2 + 0.6 E
N7674=MK533 2 124+4C 0.031 220.0 + 15.6 66.5 + 4.8 75.1 £ 5.3 16.7 & 1.5 E
N7682 2 CfA 0.019 61.6 * 4.4 24.6 + 1.8 240 + 1.7 5.7+ 0.7 E

Note—We obtained VLA data for one object (Mrk 789) that is no longer in the CfA sample because of reclassification as a starburst or H i1
region galaxy (OM 93), and thus it does not appear in Tables 1 and 2. Its flux densities are 33 + 0.4, 12.9 + 0.1, 13.0 &+ 0.1, and 3.6 &+ 0.2 at 20,

6(h), 6(1), and 2 cm, respectively.

2 Fluxes at 6 and 20 cm are from VLA D-array observations; 1.5 cm flux is from OVRO single-dish observations.
b Source: The following straightforward name abbreviations have been used to save space. N: NGC; Mk: Markarian; U: UGC;I: IC; M

(followed by + or —): MCG; F:IRAS FSC.
¢ Type: 1.n = Seyfert 1.n; 2 = Seyfert 2.

4 Sample: 12 um sample only; CfA = CfA Seyfert galaxy sample only; 12+ CfA = in both the 12 ym and CfA samples.

¢ REFERENCES.—For the data: E = Edelson 1987; R = this work. For the five objects with a 1.5 cm flux given with R as the reference, the flux
is actually at 2 cm in the VLA U band and should be considered as an approximate lower limit to the 1.5 cm flux, since the VLA observations are
made at much higher resolution than those at OVRO. For one object, NGC 5273, the 20 cm point is from this work, and the others are from

Edelson 1987.

The usefulness of this R parameter as we have defined it is
very similar to, but less powerful than, a ratio of nuclear-to-
extended flux. A plot of R versus nuclear-to-extended flux
for a sample of Seyfert galaxy flux should be monotonically
increasing in general, with both ratios being larger in
sources that are more nuclear dominated. Thus, R gives
some indication of the extent to which an object is nuclear
dominated, ie., how “compact” it is; hence, the name
“compactness parameter.”

3. RADIO SPECTRAL PROPERTIES

We have measured the 620 cm spectral slope and, when
possible, the 1.5-6 cm slope. The average value of a2° is
—0.66 + 0.04 for Seyfert 1’s and —0.71 + 0.04 for Seyfert
2’s (all uncertainties quoted herein represent one standard
deviation of the mean unless otherwise noted). For those
objects with 1.5 or 2 cm observations, we have plotted «2°
versus of 5 in Figure 1. (All spectral slopes referred to here
are such that S, oc v*) Symbols are explained in the figure
legend. For the few objects for which we have 2 cm D-array
data instead of 1.5 cm OVRO single-dish data, we have
assumed af 5 = «$.3 This figure is the same as Figure 3 in
E87, with the addition of the points at 2 cm, with the upper/
lower limits displayed, and with changes in some object
types due to better, more recent optical spectra.

We note that one tentative result suggested in E87 cannot
be confirmed with these data, namely that Seyfert 1’s are
more likely than Seyfert 2’s to have a high-frequency excess,

3 These objects usually have very low fluxes at 2 cm, indicating less
high-frequency flux than the other galaxies in this plot. This is most likely
due to the fact that the VLA in D-array has the greatest resolution at the
shorter wavelengths and has resolved these objects, whereas the OVRO
single-dish flux is from the entire galaxy. Thus, the 2 cm point is considered
a lower limit, and thus the points in the plot are marked as lower limits to
af 5 (right-pointing arrows)

i.e, spectral curvature. This can be seen by noting the solid
line, which represents a$ 5 = 22°. Most objects (for which
both slopes are detections) are within 0.1-0.2 of this line.
Although this distance is larger than the typical intrinsic
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Fic. 1.—Radio spectral slope from 6-20 cm vs. the 1.5-6 cm slope.
Solid line indicates where af 5 = 22°. The box encloses those points to the
bottom left with both slopes steeper than —0.6. In this and all plots follow-
ing (unless otherwise specified), filled symbols are Seyfert 1’s (including 1.0,
1.5, 1.8, and 1.9) and open symbols are Seyfert 2’s. For both Seyfert 1’s and
2’s: square = 12 um sample only; triangle = CfA sample only; circle = in
both the 12 ym and CfA samples. On this and all following plots (except
the luminosity functions), the single error bar shown represents a typical
intrinsic measurement uncertainty for the parameters plotted.
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TABLE 2
DERIVED PARAMETERS

log Le log Lo logLeo

Source T Sample afSm =~ a20em  f0m g 12um aggﬁz (erg/s) (erg/s) (erg/s) Reem
MK334 1.8 CfA —-0.67 -0.71 0.86 0.34 -1.59 38.77 38.63 44.36 0.98
] MK335 1 124C —-0.38 -0.29 0.69 0.53 0.29 38.31 37.94 43.40 1.14
gl 0048842907 1 CfA -0.32 -0.80 0.84 0.49 —-2.18 38.53 38.43 44.06 0.73
e: 1ZW1=MK1502 1 124C -0.35 -0.83 0.95 0.59 -0.74 39.04 38.97 44.91 0.90
L N424=TOL0109 2 12 . 0.69 0.50 -0.15 38.39 43.47 1.00
MK993 1.5 CfA 0.11 -0.51 0.71 0.46 —-1.07 37.70 37.46 42.85 1.14
MK573 2 CfA —-1.02 -0.65 0.74 0.39 -0.46 38.37 38.19 43.59 0.96
0152740622 1.9 CfA -0.71 -0.34 0.56 0.28 -1.34 38.50 38.16 43.18 0.95
MK590 1 CfA -0.54 -0.32 0.59 0.36 -0.65 38.73 38.38 43.49 0.69
N931=MK1040 1 12 -0.56 0.88 0.54 -0.78 38.25 38.03 43.92 0.52
N1068=M77 2 124C —1.00 -0.78 0.68 0.37 —0.87 39.31 39.21 44.37 0.74
N1097 2 12 -0.60 0.89 0.40 -2.06 38.32 38.12 44.00 0.59
N1143/4 2 124C —-0.92 —0.90 0.68 0.19 —2.46 39.59 39.55 44.63 0.59
N1320=MK607 2 12 0.93 0.53 —0.59 37.51 43.32 1.04
N1365 1 12 -0.53 0.91 0.39 —-2.13 38.67 38.44 44.42 0.68
N1386 2 12 0.81 0.37 —1.62 37.33 42.78 0.92
3C120=MK1506 1 12 -0.06 -0.14 ~0.26 —0.96 41.62 41.14 44.22 0.99
MK618 1 12 -0.81 0.87 0.48 -1.32 38.89 38.80 44.49 0.81
F04385-0828 2 12 -0.36 0.80 0.47 -0.61 38.39 38.07 43.81 1.12
N1667 2 12 0.80 0.38 -2.56 38.74 44.15 0.83
F05189-2524 2 12 -0.43 0.96 0.44 —1.55 39.43 39.15 45.33 0.87
MK79 1 12 -0.78 0.77 0.45 -0.86 38.54 38.44 43.85 0.86
0J287 1 12 0.19 —0.15 -0.27 -0.94 43.36 42.74 45.92 1.00
F08572+43915 2 12 -0.55 1.07 0.50 -1.56 39.14 38.91 45.37 1.11
N2992 1 12 0.71 0.22 -2.19 38.47 43.60 0.98
MK1239 1 12 -0.74 0.60 0.40 -0.38 38.92 38.79 43.74 1.00
MK1243 1 CfA 1.06 -1.73 0.91 0.60 -0.82 37.85 38.24 43.60 0.62
N3227 1.5 124C -0.96 -0.88 0.79 0.39 -1.72 37.38 37.33 42.77 0.79
N3362 2 CfA —0.48 -0.79 38.47 38.36 0.56
1058744555 2 CfA —0.21 -1.18 0.75 0.42 -1.32 38.42 38.53 43.69 1.05
N3516 1.5 124C -0.50 -0.32 0.76 0.42 -0.89 37.99 37.65 43.30 0.61
MK744 1.8 CfA -0.64 -0.76 37.63 37.52 0.77
N3982 2 124C -2.29 37.40 43.15
N4051 1 124C -0.32 —1.04 0.99 0.56 -1.76 36.50 36.53 42.47 0.63
N4151 1.5 CfA -0.82 -0.77 0.55 0.32 -0.13 37.88 37.77 42.54 1.00
N4235 1 CfA 0.24 —-0.41 0.60 0.36 -0.87 37.38 37.08 42.20 0.81
N4253=MK?766 1.5 124C -0.77 -0.70 0.80 0.37 -1.11 38.40 38.26 43.81 1.03
N4388 2 124C -1.46 -0.81 0.79 0.37 -1.18 38.34 38.25 43.72 0.76
3C273 1 12 -0.43 43.52 45.69
MK205 1 CfA -0.35 -1.07 0.74 0.43 —-1.47 38.91 38.95 44.13 0.35
N4501=M88 2 12 1.06 0.61 —-2.15 37.48 43.68 0.32
N4593=MK1330 1 12 1.03 0.60 —1.46 37.08 43.19 0.95
TOL1238-364 2 12 —-0.69 0.81 0.35 —1.41 38.49 38.34 43.92 0.83
MK231=U8058 1 124C -0.59 0.07 0.50 0.06 -2.24 40.63 40.08 45.15 0.97
N4968 2 12 —-0.73 0.74 0.43 -0.87 38.01 37.88 43.23 0.99
N5033 1.9 124C -0.68 -0.83 0.88 0.42 —2.60 37.28 37.20 42.92 0.32
M-3-34—-64 2 12 -0.84 0.61 0.28 —-0.88 39.33 39.26 44.17 1.03
N5135 2 12 -0.84 0.79 0.25 —-2.21 39.00 38.92 44.38 0.93
N5194=M51 2 12 -1.03 1.06 0.59 —2.09 37.62 37.64 43.81 0.42
M-6-30-15 1 12 -0.62 0.67 0.37 —-0.41 37.74 37.55 42.74
F13349+2438 1 12 —-0.19 39.84 44.96
1335443924 1.8 CfA 0.23 -2.79 0.97 0.54 —-2.12 37.66 38.61 43.59 1.24
N5252 1.9 CfA —0.55 -0.07 0.46 0.22 -1.07 38.91 38.43 43.29 0.89
N5256=MK266 2 CfA -0.77 -0.75 0.74 0.23 -2.13 39.47 39.35 44.71 0.77
MK270 2 CfA -0.25 -0.71 0.45 0.33 —0.46 37.60 37.46 41.96 0.95
N5273 1.9 CfA 0.13 —0.44 0.90 0.49 -1.61 36.19 35.90 41.89 0.80
MK461 2 CfA -1.01 —0.46 0.71 0.41 37.86 37.59 43.01 0.75
14329A 1 12 -0.61 0.60 0.41 0.06 38.84 38.64 43.65 0.93
N5347 2 124C -0.48 0.87 0.52 -0.18 37.23 36.97 42.84 0.83
MK279 1 CfA -0.57 ~0.93 0.74 0.39 -1.63 38.77 38.75 44.00 1.01
MK463 2 12 -1.02 0.43 0.17 -0.45 40.40 40.42 44.72 0.97
N5506=MK1376 2 12 -0.40 0.56 0.23 -0.79 38.56 38.26 43.26 1.00
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logLe logLao logLeo
Source T Sample af§m ~ a20om  oglt™ ag2rm agg“:z (erg/s) (erg/s) (erg/s) Reem
14397 2 CfA -1.13 -0.78 0.86 0.42 -2.75 37.92 37.82 43.50 0.68
N5548=MK1509 1.5 124C -0.93 -0.90 0.63 0.40 -0.32 38.51 38.46 43.40 0.76
N5674 1.9 CfA -0.86 -0.91 0.74 0.30 -2.04 38.72 38.67 43.95 0.38
MK817 1.5 124C -0.53 —0.54 0.88 0.50 -0.57 38.68 38.45 44.34 1.16
MK686 2 CfA -0.23 -0.55 0.77 0.39 -2.31 37.70 37.48 43.03 0.59
MKB841 1.5 CfA -0.78 -0.68 0.62 0.40 -0.06 38.90 38.74 43.78 0.60
N5929 2 124C -0.78 -0.72 0.79 0.27 -1.99 38.58 38.44 43.94 0.50
N5940 1 CfA -0.59 -0.57 0.75 0.40 -2.24 38.67 38.45 43.94 0.55
N5953 2 12 -0.93 0.85 0.38 -2.24 38.07 38.05 43.63 0.75
U9913=ARP220 2 12 -0.35 0.90 0.13 -2.96 39.80 39.48 45.51 1.01
1614643549 1.5 CfA 0.00 ~1.00 0.75 0.39 -2.17 38.31 38.32 43.56 0.51
N7130=15135 2 12 -0.77 0.80 0.27 -2.35 39.25 39.14 44.67 0.94
N7172 2 12 -0.54 0.86 0.39 -2.06 38.12 37.89 43.70 0.88
2237740747 1.8 CfA -0.53 -0.94 0.77 0.41 -0.95 38.45 38.43 43.77 1.05
N7469=MK1514 1 124C —0.84 -0.73 0.87 0.36 -1.77 39.32 39.19 44.93 0.93
N7603=MK530 1.5 CfA —0.74 -0.74 0.68 0.41 —1.88 39.02 38.90 44.06 0.98
N7674=MK533 2 124C -1.08 -0.89 0.62 0.25 -1.31 39.82 39.77 44.70 0.88
N7682 2 CfA —-1.04 -0.78 38.89 38.79 1.02

uncertainty in our measured slopes, it is on the order of, or
smaller than, the typical uncertainties of the slope measure-
ments that result from measuring the flux from less than the
entire galaxy (and even from different regions at each
wavelength). This point is illustrated in Figure 2, where we
the compare our 620 cm (VLA) slopes with those mea-
sured for the whole galaxy from the single-dish fluxes in the
northern sky survey (Becker, White, & Edwards 1991;
White & Becker 1992; shown for all objects in both
samples). As can be seen, the differences in slope are typi-
cally 0.1-0.3. Such differences would probably not cause
any systematic change in Figure 1 if whole-galaxy fluxes
were used, as is implied by the absence of any correlation in
this plot between the slope difference and our slopes.
Neither is there any trend with redshift, as one might expect
if there is a strong radio color gradient in these galaxies,
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F1G. 2—Diagram showing the difference between the 6-20 cm slope
derived from single-dish measurements and the same slope as derived from
our VLA data vs. the VLA slopes.

which could cause the slope difference to be stronger in
nearby sources. (A similar result, of the same or smaller
magnitude, is found when we compare our 1.5-6 cm slopes
with those formed by combining our 1.5 cm single-dish
fluxes with the Becker et al. 6 cm fluxes.)

Finally, we point out that there is one systematic effect
apparent in Figure 1, namely that those few objects with at
least one or both slopes being very flat are all Seyfert 1’s.
However, this does not comment on spectral curvature,
because either slope can be the flat one. The dotted lines in
Figure 1 enclose those objects in the lower left with both
slopes steeper than —0.6. All eight objects outside this box
with detections in both axes are Seyfert 1’s. The three
objects with one or the other slope being very flat (ie.,
outside of the box by twice the typical uncertainty discussed
above), which would not simply result from measurement
differences, are individually labeled. That the other five flat
objects are all Seyfert 1’s is probably also physically mean-
ingful, since it is not likely that this would happen by chance
and since there is no general tendency (as would be seen in
Fig. 2) for Seyfert 1’s to be flatter in our measurements than
in the single-dish measurements.

4. EXTENDED EMISSION

To investigate the relation between the radio-
compactness parameter, R, and other radio properties of
Seyfert galaxies, we have plotted L .., versus R in Figure 3.
Here we see that the few objects that are the most radio-
loud are very compact, all having R ~ 1 (R is typically accu-
rate to +10%—less for the fainter objects—hence the few
values of R greater than 1). We note that the more luminous
and compact objects in our sample are also among those
with the flattest spectral slopes. These facts are consistent
with models in which the radio-loud objects are compact,
flat spectrum radio sources and that have type 1 Seyfert
nuclei with the radio emission directed toward our line of
sight. The most luminous Seyfert 2’s, on the other hand,
have steeper spectra but are still compact at our D-array
resolution (they may, however, be shown to have less
compact cores if observed with higher resolution). Three
Seyfert 1’s and no Seyfert 2’s have Lg ., > 10*°, have the
flattest spectra («2° > —0.2), and are very compact (R = 1).
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FiG. 3.—Luminosity at 6 cm vs. 6 cm compactness parameter. The
straight solid line is the best fit to all the data points, and the dashed line is
the best fit to all except the seven most luminous (labeled) points. The
curved lines represent models calculated for different values of the
extended luminosity at 6 cm (see text).

Thus, we see a clear distinction in properties (Lg o, ®2°,
and R) between the very few radio-loud objects and the
more numerous, relatively radio-weak objects in our sample
(see § 5 for further discussion of radio-loud vs. radio-quiet
objects in our sample). For the majority of the (radio-weak)
galaxies, a slight trend in the same sense is found, with much
scatter, which indicates that some of these objects may be
harboring very weak compact cores. This is shown by the
straight line in Figure 3, which is the best-fit line to all
objects in the plot (with slope = 2.41 and r = 0.23), and the
dashed line that excludes the seven most luminous (labeled)
galaxies (with slope = 1.56 and r = 0.17; excluding only the
two strictly radio-loud objects would make the slope even
steeper). (See below for explanation of the curved lines in
this figure.)

We find that, although L, ., is correlated with distance in
our sample (as expected; r = 0.68), R is not (r = 0.06), which
implies that the correlation between L¢ ., and R is not
simply an artifact of redshift. This also implies that the
variation in R in our sample represents the intrinsic range of
extended 6 cm emission among Seyfert galaxies. Thus, we
find in both samples that both Seyfert 1’s and 2’s have steep
radio spectra with resolved structure on the 21’ scale. This
suggests that the low-frequency and low-resolution emis-
sion may be dominated by optically thin synchrotron emis-
sion from an optically thin source, such as the galactic disk.

The average value of R for all galaxies is ~0.83, with no
difference between Seyfert type or between the two samples.
Roughly half of the objects have R < 0.9, ie., extended
6 cm emission is found in about half of the observed gala-
xies, with an average value for R among those objects of
~0.67 (ie., an extended component contributes about
0.33% =+ 0.17% to the total flux). This represents a signifi-
cant contribution from the underlying galaxy, which must
be taken into account when considering measurements such
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as total luminosities in which both the central and extended
components are significant, as well as spectral slopes and
flux ratios in which the two combined components may
have different values.

Accordingly, we have also plotted in Figure 3 several
curved lines representing a simple physical model. In this
model, the total 6 cm luminosity is the sum of the central
and extended components (L., and L.,,, respectively), and
R is the ratio of central to total (i.e., central to central-plus-
extended) luminosity. (Note that the extended component is
a lower limit to the luminosity of the disk of the galaxy, as
the latter will also emit at least some flux at radii within the
“central ” component.) Each curve starts at a given value of
log L., (36.5, 37.5, and 38.5 for the lower, middle, and upper
curves, respectively) at R = 0 and increases with R (i.e., as
the fraction of central luminosity increases). Although the
scatter of the data is quite large, the general shape of these
curves matches the data: luminosity is slightly correlated
with compactness for small values of R, but increases
sharply at the highest values of R. The curve representing
an extended component luminosity of log L.,, = 37.5 goes
right through the center of the data (and roughly also the
best-fit lines), but values an order of magnitude higher or
lower than this are required to reproduce all the points.

5. THE RADIO-INFRARED CORRELATION

Figure 4 shows a plot of the 6 cm versus 60 ym mono-
chromatic luminosities. The results of a bivariate regression
to all the data (excluding the superluminal quasar 3C 120
and the BL Lac object OJ 287—discussed further in § 6) is
Lg om ¢ L§y o, indistinguishable from a linear correlation.
We therefore show, with dotted line 1, the best fit obtained
when the slope is constrained to 1, yielding the relation
Lgm =107" x Ly 4, With b =531. The linear pro-
portionality for normal galaxies (determined by Bicay &
Helou 1990, using their 20 cm—60 um relation and assuming
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F1G. 4—Radio (6 cm) vs. infrared (60 um) monochromatic luminosities.
The dotted lines represent various fits to this relation, for this and other
data sets, with the slope constrained to 1. Solid lines represent calculated
models (see text for model parameters).
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a value of «2° = —0.7), which has the value b = 5.64, is
shown with line 2. For comparison, we also show the lines
from RMS93, representing their fit to Seyfert galaxies (line
3; b=5.0) and non-Seyfert galaxies (line 4; b = 5.61).
Those fits were done using “survival analysis” procedures
with the ASURYV software package (La Valley, Isobe, &
Feigelson 1992) to account for many upper limits in the
radio fluxes, particularly of Seyfert galaxies. (Such pro-
cedures assume that both the detected and undetected
objects were drawn from the same homogeneous sample,
which can explain why the fit to Seyfert galaxies from
RMS93 is higher than that of this work.)

Comparing these lines shows Seyfert galaxies to have
excess 6 cm emission relative to that at 60 um, as compared
to non-Seyfert galaxies, by about a factor of 2. There is no
significant difference in this relation between Seyfert 1’s and
2’s. This can be explained if Seyfert galaxies are not like
normal spirals but, instead, include a mix of “central”
radio-plus-IR light with galaxy radio-plus-IR light. In this
scenario, the central component, more dominated by the
Seyfert nucleus, is the component with the higher radio-IR
flux ratio. To explain this, we have calculated curves similar
to those in Figure 3. As in that case, we model the lumi-
nosity at 6 cm as the sum of central and extended com-
ponents, and now we do the same for the 60 um
luminosity.* For the 6 cm—60 um slope for the extended
component, we use the value derived for normal galaxies by
Bicay & Helou (1990; b = 5.64, as mentioned above). The
different model curves represent the following variations of
parameters: each of two sets of model curves starts at a
locus (denoted by an open star), which corresponds to a
given value of the extended component luminosity at 6 cm
(Ley, = 10%%5, and 1038-°, for the lower left and upper right
sets, respectively). Four curves then span out from each star,
corresponding to different color central components
(b = 5.64, 5.31, 5.0, and 4.5, representing normal galaxy—
like, Seyfert-like, radio-strong, and very radio-strong colors,
as labeled on the lower set of curves). Finally, along each of
these curves, R varies from 0.01 at the star up to 0.999 at the
end of the curve (with transverse lines drawn at R = 0.50
and R = 0.90).

As defined, when b, = b.,, = 5.64, the curves follow the
line from Bicay & Helou (1990) for normal galaxies, while
when b,., = 5.31, 5.0, or 4.5, the curves start at the normal
galaxy line (at R =0) and asymptotically approach the
Seyfert lines (as R — 1). We see that the different sets of
curves are highly degenerate. For example, a very compact
object with L., ~ 105> may have a similar total lumi-
nosity to a less compact object with L., ~ 1038, Further-
more, the fact that the scatter is much larger than the
observational uncertainties in the data indicates that some
objects would have to have much higher or lower 6 cm—60
um flux ratios than the values used in this simplified model.

We apply this model further in Figure 5, where we plot
the 25-60 um infrared slope versus the radio compactness
parameter, R. We chose this infrared slope because it is
often used to select for “warm” IRAS galaxies that are

4 We stress that this is a simplified model and that the actual case is
probably more complicated (for example, the radio—infrared ratio of the
central component may increase with luminosity). However, such model-
ing will help to illustrate the extent to which the emission from Seyfert
galaxies can be explained as resulting from the sum of a central plus an
extended component, each with different values of the ratio of radio to
infrared luminosity.
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F1G. 5—IRAS 25-60 ym slope vs. 6 cm compactness parameter. Hori-
zontal dashed lines represent estimated central and extended values of the
IRAS slope. Curves are calculated models: solid curves represent lower
values of central 6 cm—60 um flux ratios, and dotted lines represent higher
values.

often Seyfert galaxies (see, e.g., Low et al. 1988). Here we
also assume the constant 6 cm—60 um ratio from Bicay &
Helou for the extended component. The different curves
represent various values of this ratio for the central com-
ponent. The highest (solid) curve assumes b, = b,, = 5.64,
the next highest one assumes b.., = 5.31, and the two
dotted ones assume b, = 5.0 and 4.5, respectively. The two
horizontal lines represent the values of the 25-60 um ratio
assumed for the extended and central components (typical
values for normal galaxies and for quasars in our 12 ym
sample, respectively). The curves all connect the lower hori-
zontal line at R = 0 to the upper horizontal line at R =1
(i.e., the values chosen for a$2 simply determine the start
and end points of each curve, without affecting their shape).
These curves show us that a very radio-strong central com-
ponent is necessary to match some of the data points given
this model, while a range in the radio—infrared ratio of the
central component is still necessary to match all the data.
Alternatively, a cooler far-IR slope of the central com-
ponent (i.e., still significantly hotter than the extended com-
ponent, but not by as much as assumed in the model
plotted), again combined with a wide range in radio
strength, could also produce a family of curves that span
most of the data points without requiring such extreme high
values of radio strength (i.e., b ~ 5 instead of b ~ 4.5 would
be sufficient).

6. RADIO-LOUD OBJECTS IN THE 12 MICRON SAMPLE

From these figures we see that a few objects in the 12 um
sample can clearly be distinguished from the rest as being
radio-loud. For comparison, Kellerman et al. (1989)
observed the Bright Quasar Sample (BQS) quasars at 6 cm,
finding about 15%-20% of that sample to be radio-loud,
having log F, ,,4/F, op from 1.5 to 3, while the rest have
values around —1 to 1.5. These correspond to values for
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log (Lg cm/Leo um) of —4.3 to —1.8 for radio-loud objects
and —5.8 to —4.3 for radio-quiet objects (assuming a
typical optical-60 um conversion for the BQS
quasars—Spinoglio et al. 1995). From Figure 4 we see that
log (Lg cm/Leo um) is —2.6 for both 3C 120 and OJ 287. We
did not observe 3C 273 at 6 cm because of scheduling diffi-
culties, but using the 6 cm flux of 34.9 Jy from Kuehr et al.
(1981) yields log (Lg om/Leo ym) = —2.3, making this the
object that is the most radio loud in the 12 um sample.
Thus, we see that only ~6%—-8% of the 12 um sample is
radio-loud [three of ~50 observed objects; four including
Mrk 463, which is borderline, having log (L cm/Leo um) =
—4.37, which is significantly less than the 15%—20% found
for the optically elected BQS quasars, the difference prob-
ably being a function of redshift [and the CfA sample
includes no radio—loud objects, with the object that is the
most radio loud of that sample being Mrk 231 with log
(L6 em/Leo ym) = —4.5]. Furthermore, there is a bimodal
distribution of radio loudness, in that these three objects
exceed all the others by a factor of =100 in radio loudness.
Although these objects also have flat slopes and compact
radio emission, such properties are also observed in a few
other objects, e.g, Mrk 231. Therefore, the most clearly
distinguishing trait of these objects is their high radio lumi-
nosity as compared to that at other wavelengths. In each of
the three cases in which we see this in our sample, the radio
emission is thought to be anisotropic and beamed prefer-
entially (but not necessarily directly) toward us.

7. RADIO LUMINOSITY FUNCTIONS

We have constructed radio luminosity functions (RLFs)
at 6 cm for both the 12 um and CfA samples, for individual
Seyfert types and for all Seyfert galaxies, in order to deter-
mine the true RLF for Seyfert galaxies in the local universe.
These RLFs have been derived using the V/V,,,, method
(Schmidt 1968 ; Schmidt & Green 1983),

4n 1
Qf AL Z ’

max

where V,,,, was individually computed for each galaxy in
the sample. We followed the method of E87 for calculating
the luminosity function of a sample at a wavelength other
than the wavelength at which the sample was defined. We
thus use

Vmax = min (Vmax,survey Vmax,radio) >

which represents the maximum volume of space accessible
by an object detected at the survey wavelength (mid-IR and
optical for the 12 um and CfA sample, respectively) and at
radio wavelengths. This is equivalent to deriving the RLF
from the IR (or optical) luminosity function and from the
bivariate radio-IR (or radio—optical) luminosity distribu-
tion function (Elvis et al. 1978; Meurs & Wilson 1984). We
stress, however, that these (and all other) bivariate lumi-
nosity functions can only be considered as lower limits to
the true space density of Seyfert galaxies. This is because the
most extreme objects (i.e., those with optical/IR fluxes
below the optical/IR survey limit yet with radio fluxes
above the radio detection limit) will be excluded, having not
been included in the sample in the first place, even though
they would have been detected in the radio. We used a 6 cm
flux limit of 0.35 mJy (representing a typical 3 ¢ noise level
of the 20 cm maps), a 12 um flux limit of 0.30 Jy
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F1G. 6—Radio luminosity function for all objects combined (Seyfert 1’s
and 2’s) in both the 12 um sample (filled circles; offset slightly for clarity)
and the CfA sample (open circles), and in Ulvestad & Wilson (1989;
crosses). Error bars represent the 90% confidence interval, based on
Poisson statistics, accurate for very small numbers of data points. Points
with no error bars represent just one object in that bin. Crosses represent
the RLF from Ulvestad & Wilson (1989).

(corresponding to the survey limit of the 12 um sample), and
an optical flux limit of 6.25 mJy at 4500 A (corresponding
to the magnitude limit of m,, =145 of the CfA
sample—Huchra et al. 1992) The fractlon f represents that
fraction of the objects in the sample that were observed.’
For bins of width 0.4 in log L and a RLF proportional to
mag~', AL = 1. The error bars represent the 90% con-
fidence interval, based on Poisson statistics, calculated
using the equations from Gehrels (1986), which are accurate
for even very small numbers of data points.

Figure 6 shows the radio luminosity function for both the
12 ym and CfA samples of Seyfert galaxies (all types
combined). Tables 3 and 4 tabulate the values of the RLFs
for all Seyfert galaxies (and as separated into Seyfert 1’s and
Seyfert 2’s) in the 12 um sample and the CfA sample, respec-
tively. We fit each RLF to a single power law (straight lines)
with the results plotted on the graph (in each case, the
points are weighted by the number of objects they rep-
resent; hence, the lines look higher than lines would that
weigh each point evenly). Both RLFs are fitted well by a
power law (solid line with » = —0.95 for the 12 um RLF
and the dotted line with » = —0.91 for the CfA RLF). The
12 ym RLF has a steeper slope (—1.01 vs. —0.72 for the
CfA sample). The integrated RLF for the entire 12 um

5 For the 12 um sample, seven objects were not observed because they
were too far south to be reached from the VLA, three more were not
observed because of scheduling limitations, and 13 were not observed
because they were not known to be Seyfert galaxies at the time of the SM89
observations and were not included in our sample. Thus, f= (71 — 23)/
71 = 0.68. Similarly, for the CfA sample, only one object was not observed
because of scheduling constraints, and one was not originally known to be
a Seyfert galaxy; thus f = (49 — 2)/49 = 0.96.
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TABLE 3
RADIO LUMINOSITY FUNCTION FOR THE 12 MICRON SAMPLE

SEYFERT 1’s SEYFERT 2’s BotH TYPES
log L,,* log @ log @ log @
(ergs s~ 1) Mpc3M™Y N Mpc™3M™Y N Mpc 3 M™Y N
3640...... -3.70 1 -3.70 1
36.80...... —4.08 1 —5.44 1 —4.06 2
37.20...... —4.00 2 —3.82 3 —3.60 5
37.60...... —5.19 1 —421 2 —4.17 3
38.00...... —6.22 1 —4.62 4 —4.61 5
3840...... —4.61 6 —4.60 6 —4.30 12
38.80...... —593 5 —5.56 2 —5.40 7
39.20...... —6.85 1 —5.78 6 —5.74 7
39.60...... . —6.97 1 —6.97 1
40.00...... —6.26 1 —6.26 1
4040...... —-7.40 1 —-7.40 1
40.80...... —7.15 1 —17.15 1
41.60...... —6.82 1 —6.82 1
43.20...... —9.47 1 —9.47 1

2 Central luminosity of a bin 0.4 units wide in log L, which is equivalent to a width of 1 mag.

sample is higher than that for the CfA sample, primarily
because it is higher at low luminosities (similar results are
obtained for 20 cm RLFs). This, as well as the flatter slope
of the CfA RLF, could result from low-luminosity Seyfert
I’s being underrepresented in the CfA sample when the
weak, broad components of their emission lines are diluted
beyond recognition in the more distant objects (Persic et al.
1989; Huchra & Burg 1992). We have also shown for com-
parison the RLF from Ulvestad & Wilson (1989), denoted
by crosses and a dotted line. The RLF of this distance-
limited sample agrees with the others above log L = 38 but
is slightly lower below this level. It appears much lower at
the very lowest luminosities, but these points are less mean-
ingful, since they only represent one to two objects per bin.
Furthermore, part of the difference is caused by the fact that
the Ulvestad & Wilson RLF is based on fluxes measured in
the A and A/B arrays, which represent a smaller area of
each galaxy, shifting their RLF to the left as compared to
our D-array RLF.

Figure 7 shows the RLFs for individual Seyfert types
(Seyfert 1’s and Seyfert 2’s) in the 12 um sample. The RLF of
Seyfert 1’s extends with a similar power-law slope to very
high luminosities, while the RLF of Seyfert 2’s has a sharp
high-luminosity cutoff, reminiscent of the cutoff above the
L, knee in the optical luminosity function of normal gal-

axies. Over most luminosities (log L > 37.4), where we can
accurately measure the RLFs of both Seyfert types, we find
the space density of Seyfert 2’s to be ~2 times that of
Seyfert 1’s (i.e., about one-third are Seyfert 1’s), although
Seyfert 1’s extend to higher luminosities (similar to the far-
infrared luminosity functions calculated in RMS93). This
has implications for the unified model in that, if the 20 cm
emission is isotropic, then there are about two objects
observed to be Seyfert 2’s for each intrinsically similar
Seyfert 1. In the context of this (very simplified) model, with
orientation to our line of sight being the primary factor
distinguishing Seyfert 1’s from Seyfert 2’s, this ratio in space
density corresponds to a typical half-opening angle of the
torus (within which an object would be observed as a
Seyfert 1) of # ~ cos™* (1 — 0.33) ~ 48°. We also note that
the radio-loud objects in the 12 yum sample account for only
0.04% of the integrated luminosity function at 6 cm;
however, this is only a lower limit as such objects are the
most likely ones to be missed when calculating a bivariate
luminosity function.

A similar plot is shown in Figure 8 for individual Seyfert
types for the CfA sample. We see here and in Table 4 that
the space density of Seyfert 2’s in the CfA sample is even less
than the Seyfert 1’s (~0.8 times as many Seyfert 2’s), prob-
ably because of the fact that the CfA sample, being selected

TABLE 4
RADIO LUuMINOSITY FUNCTION FOR THE CfA SAMPLE

SEYFERT 1’s SEYFERT 2’s BotH TYPES
log L2,4 log @ log @ log @
(ergs s~ 1) Mpc3M™Y N Mpc3M™Y N Mpc 3 M™Y) N
36.00...... —4.08 1 —4.09 1
3640...... —4.22 1 —4.23 1
36.80...... —4.90 1 —491 1
37.20...... —433 2 —4.97 1 —4.25 3
37.60...... —4.87 5 —4.39 5 —4.25 10
38.00...... —4.90 2 —491 2
3840...... —5.03 10 —4.87 5 —4.63 15
38.80...... —5.35 6 —5.68 1 —5.18 7
39.20...... —5.98 2 —5.73 3 —5.53 5
39.60...... —6.73 1 —6.72 1
40.80...... —6.79 1 . . —6.80 1

2 Central luminosity of a bin 0.4 units wide in log L, which is equivalent to a width of 1 mag.

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


http://adsabs.harvard.edu/abs/1996ApJ...473..130R

140 RUSH ET AL.

T o o L e e A B B

Log & [Mag™ Mpc™?]

v by b v b e b b v b 1
36 37 38 39 40 41 42 43

Log VL, g [erg s7']

F1G. 7—Radio luminosity function for individual Seyfert classes in the
12 pm sample. Filled squares are Seyfert 1’s, and open squares are Seyfert
2’s.

at optical wavelengths, is biased against heavily reddened
Seyfert 2’s, which have had much of their optical flux repro-
cessed into the far-infrared. This may also explain why the
60 yum luminosity function of the 12 ym sample was found
to be higher than that of the CfA sample for both Seyfert 1’s
and Seyfert 2’s (RMS93).

8. SUMMARY AND CONCLUSIONS

We have used the VLA in the compact D-array to obtain
nearly complete 6 and 20 cm observations for the mid-IR-

Log & [Mag™ Mpc™?]

T T T T S T YA (N TS S AN S S S W
36 37 38 39 40 41

Log VL, g, [erg s7']

FiG. 8—Radio luminosity function for individual Seyfert classes in the
CfA sample. Filled triangles are Seyfert 1’s, and open triangles are Seyfert
2’s.
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selected 12 um Seyfert galaxy sample and the optically
selected CfA Seyfert galaxy sample. We also have analyzed
(from E87) 1.5 cm OVRO data for the CfA sample. The
main results are as follows.

There is no significant difference in the average 6—20 cm
slopes between Seyfert 1’s and Seyfert 2’s (222, ~ 0.7), con-
sistent with the standard unified model. There is no system-
atic trend for either Seyfert type to display upward or
downward curvature, but a few Seyfert 1’s have particularly
flat 620 or 1.5-6 cm slopes.

We have calculated a simple model in which the spatial
distribution of the radio and infrared emission from Seyfert
galaxies comes from two components: (1) an extended/disk
component that has the same ratio of radio-infrared flux
and a similar luminosity as normal spirals; and (2) a central
component that emits relatively more radio luminosity for a
given infrared luminosity. The central component contrib-
utes significantly to the radio—IR emission from Seyfert gal-
axies but is much less dominant in normal spirals.

Calculations based on this model describe the following
properties of our data: (1) about half of the galaxies have
extended emission at 6 cm, which contributes an average of
~33% to their total flux; (2) Seyfert galaxies are shown to
have excess 6 cm emission relative to non—Seyfert galaxies
of similar far-IR luminosity, by about a factor of 2; and (3)
among Seyfert galaxies, the 6 cm and 60 um luminosities are
linearly proportional over more than the 3 orders of magni-
tude spanned by our data.

Three objects in the 12 um sample (and none in the CfA
sample) are clearly radio-loud and have extreme properties
as compared to the rest of the sample. These objects are the
most luminous, have the strongest radio—IR flux ratios, are
compact (R = 1), and have the flattest spectra («2%™ ~ 0).
Thus, there is a clear distinction between these few radio-
loud objects and the radio-quiet objects that dominate these
samples. The fraction of radio-loud objects is significantly
less (~6%) than in other, higher redshift samples, such as
the BQS quasars.

Radio luminosity functions were derived for both the 12
um and CfA samples. The RLFs of both samples are fitted
well by a single power law. The 12 um RLF is slightly
higher, especially at low luminosities. The space density of
Seyfert 2’s in the 12 um sample is about 2 times that of
Seyfert 1’s over their common range in luminosity, but the
RLF of Seyfert 1’s extends to higher luminosities. In terms
of the standard unified model, this ratio in space density
corresponds to a typical (half-) opening angle of the torus
(within which an object would be observed as a Seyfert 1) of
0 ~ 48°.

This paper makes use of data taken with the Very Large
Array, operated by the National Radio Astronomy Obser-
vatory, which is a facility of the National Science Founda-
tion operated under cooperative agreement by Associated
Universities, Inc.

We thank the VLA TAC for providing us with the tele-
scope time during programs AE63 and AE76 and the VLA
AOC and OVRO personnel who helped us with the data
reduction. This work was supported in part by NASA grant
NAG 5-1358. This research has made use of data obtained
through the High Energy Astrophysics Science Archive
Research Center Online Service, provided by the NASA-
Goddard Space Flight Center.
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APPENDIX A
TARGET SELECTION AND CLASSIFICATION

Al. THE 12 MICRON AND CfA SAMPLES

We chose to define our original sample of galaxies from the IRAS Point Source Catalog, Ver. 2, flux limited at 12 ym
(Spinoglio & Malkan 1989, hereafter SM89), since that is the IRAS wavelength that most strongly selects for the hot continua
universally produced by active nuclei (whether they are thermal or nonthermal) and is long enough to reject nearly all the flux
produced by stars in the host galaxy. This original 12 um sample contains the 390 galaxies above a flux limit of 0.30 Jy, with
|b| > 25° (to avoid galactic contamination), as well as Fgg ym = F13 um and/or Fio0 um = F15 ,m (to select galaxies instead of
galactic objects). This sample is complete not only down to a 12 um flux limit but also with respect to bolometric flux of
2 x 10”0 ergs s~ cm ™2 (RMS93). This sample, as reported in SM89, contained 59 galaxies known to harbor Seyfert nuclei.
Forty-two of these Seyfert galaxies are observable from the VLA, and it is for these objects that we have obtained 6 and 20 cm
D-array observations. (It is now known that several other objects in the original 12 um sample are Seyfert galaxies but were
not identified as such at the time of SM89. These objects are properly identified in the extended 12 ym sample—RMS93—and
are discussed in § A3).

We have also observed the Seyfert galaxies in the CfA Galaxy sample which is complete down to an optical flux limit of
mz,, = 14.5 (Huchra & Burg 1992). VLA data were presented in E87 for 42 of the 50 CfA sample Seyfert galaxies. We have
obtained 6 and 20 cm observations for six CfA Seyfert galaxies that were added to the sample after that time, as well as several
2 cm fluxes to compare to the single-dish 1.5 cm observations from OVRO in E87 (the 2 cm fluxes being made at much higher
resolution are used only to estimate lower limits to the 1.5 cm fluxes). Four galaxies were added to the final definition of the
CfA sample (Huchra & Burg 1992; Osterbrock & Martel 1993) after we began this work, and thus we do not have VLA
observations for these objects.

A2. OBJECT CLASSIFICATION

In both Tables 1 and 2, classification into type 1.0, 1.5, 1.8, 1.9, and 2 for all galaxies in the CfA sample (including those
objects that overlap with the 12 ym sample) is from Osterbrock & Martel (1993), who compiled a consensus from their own
observations and several other works (see, e.g., Huchra & Burg 1992; Dahari & De Robertis 1988) based on optical
spectrophotometry. For most galaxies in the 12 um sample only, detailed classification into Seyfert subtypes is not yet
available, and thus we have noted the classification simply as type 1 or 2, based on references in the literature and popular
catalogs (see, e.g., Hewitt & Burbidge 1989, 1991; Ver6on-Cetty & Veron 1991), as well as on some of our own spectra.
(However, a work is in progress—Rush, Malkan, & Spinoglio 1996—in which we will examine high signal-to-noise ratio
spectrophotometry for all Seyfert galaxies in the Extended 12 um sample to determine precisely their Seyfert subclass.) We
note that this may slightly skew those results that focus on differences between Seyfert 1’s and Seyfert 2’s (e.g., the luminosity
functions), as it is likely that a handful of 12 um sample objects that we now consider to be Seyfert 2’s are actually Seyfert
1.8-1.9’s and thus should be considered Seyfert 1’s when dividing the objects into only two classes. (Even though the spectra of
a Seyfert 1.8-1.9 looks more like that of a Seyfert 2 than a Seyfert 1, we consider them to be Seyfert 1’s when using only two
classes. This is because the detection of slight broad wings to the optical emission lines indicates the presence of a directly
observable broad-line region, which physically defines Seyfert 1.8-1.9’s as being Seyfert 1’s—see, e.g., Goodrich 1989, 1990.)

A3. THE COMPLETE LIST OF 12 MICRON SAMPLE SEYFERT GALAXIES

This paper has studied the radio properties of the CfA Seyfert galaxy sample and of the original 12 um Seyfert galaxy
sample. For completeness, we here mention the Extended 12 um sample (RMS93) and compare its contents to those of the
original 12 ym sample.

As mentioned in § A1, the original 12 ym sample was selected from the IRAS Point Source Catalog, Ver. 2 with a 12 ym flux
limit of 0.30 Jy (SM89). To probe lower fluxes, we selected candidates for the Extended 12 yum sample from the IRAS Faint
Source Catalog, Ver. 2 and then defined the sample as those galaxies having SCANPI/ADDSCAN whole-galaxy 12 um fluxes
above 0.22 Jy. By using the FSC-2, which is complete to a lower flux limit than the PSC-2, the extended sample contains over
twice as many (893) galaxies.

The original 12 ym sample contained 58 galaxies known to harbor Seyfert nuclei at the time of SM89 and is now known to
contain at least 71 Seyfert galaxies. Similarly, the Extended 12 um sample includes 122 known Seyfert galaxies, and it is likely
that several galaxies in this sample have yet to be identified as Seyfert galaxies. Such objects are more likely to be Seyfert 1.8’s,
1.9’s, and 2’s, which are often harder to identify. They are also likely to be found in those positions in multiwavelength
parameter space that are usually occupied by Seyfert galaxies.

APPENDIX B
COMPARISON OF COMPACTNESS PARAMETER WITH OTHER SAMPLES
We have checked the accuracy of our measured fluxes by comparing our results to those from the 4.85 GHz northern sky
survey of Becker et al. (1991), which has 40” pixel " size and 3'5 angular resolution. Figure 9 shows a graph of the ratio of our

tapered 6 cm flux to the flux from that catalog versus our 6 cm compactness parameter, R. We find, in general, that both
values are near 1 for the majority of objects (meaning that all three fluxes—=Sg o1 S¢ cm,n a0d S4 85 gu—are roughly equal),
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FiG. 9—Ratio of our tapered 6 cm flux to the 4.85 GHz flux from Becker et al. (1991) vs. our 6 cm compactness parameter, R, for all objects with
detections in each work. The dotted lines represent values of 1 for either ratio.

while those galaxies with values of R much less than 1 also have low values of the other ratio, which implies that they are
simply the most extended. That most values are near 1 further implies that there is little evidence for variability between these
observations.

We have also compared our 6 cm compactness parameter to the 2295 MHz flux density from Roy et al. (1994) in Figure 10
(upper limits to the 2295 MHz flux represent 5 times the rms noise in the fringe-frequency spectrum). We see that the
detections are mostly of our most compact objects and the nondetections are spread over all values of R. This is as one would
expect if the extended sources are resolved by the 275 km interferometer and thus are less likely to be detected. In fact, only six
objects with R < 0.85 were detected at 10 cm and are individually labeled in Figure 10. Three of these objects (NGC 1068,
Mrk 841, and TOL 1238-364) are among the objects brightest at 10 cm in this plot, and thus one would expect them to be
easily detectable. Our data also show NGC 1365 to be one of the brighter radio sources.
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FiG. 10—Flux at 2295 MHz from Roy et al. vs. our 6 cm compactness parameter. Objects detected at 2295 MHz and with R < 0.85 are individually

labeled.
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However, we do not see the trend claimed in Roy et al. (1994) that compact radio structures are much more common in
Seyfert 2’s than in Seyfert 1’s. This can be explained by the fact that they note only the combined statistics of two optically
selected samples (the CfA sample from E87 and the sample from Norris et al. 1990) and the 12 um sample. When we examine
the statistics individually, we find that there is no significant difference between the detection rates of Seyfert 2’s and Seyfert 1’s
in any one of these samples alone. However, the overall detection rate is different in each of these three samples (about 65%,
50%, and 20% in the 12 um, CfA, and Norris et al. samples, respectively). The Norris et al. sample has the lowest detection
rate of both Seyfert 1’s and Seyfert 2’s (five of 28 and two of six, respectively), which is likely due to the fact that it is a higher
redshift, fainter sample. This sample also has the most Seyfert 1’s and fewest Seyfert 2’s observed of the three samples. Thus,
when these different samples are averaged together, the low detection rate of the Norris et al. sample artificially drags down
the combined three-sample detection rate of Seyfert 1’s far more than the rate for Seyfert 2’s.

REFERENCES

Antonucci, R. R. J. 1993, ARA&A, 31,473

Becker, R. H., White, R. L., & Edwards, A. L. 1991, ApJS, 75, 1

Bicay, M. D., & Helou, G. 1990, ApJ, 362, 59

Dabhari, O., & De Robertis, M. M. 1988, ApJS, 67, 249

de Bruyn, A. G., & Wilson, A. S. 1978, A&A, 64, 433

Edelson, R. A. 1987, ApJ, 313, 651 (E87)

Edelson, R. A,, Malkan, M. A,, & Rieke, G. H. 1987, Ap]J, 321,233

Elvis, M., Maccacaro, T., Wilson, A. S., Ward, M. J., Penston, M. V.,
Fosbury, R. A. E., & Perola, G. C. 1978, MNRAS, 183, 129

Gehrels, N. 1986, ApJ, 303, 336

Giuricin, G., et al. 1990, ApJS, 72, 551

Goodrich, R. W. 1989, ApJ, 340, 190

. 1990, ApJ, 355, 88

Hewitt, A., & Burbidge, G. 1989, ApJS, 69, 1

. 1991, ApJS, 75,297

Huchra, J., & Burg, R. 1992, ApJ, 393,90

Huchra, J. P., Geller, M. J., Clemens, C. M., Tokarz, S. P., & Michel, A.
1992, Bull. CDS, 41, 31

IRAS Faint Source Catalog, Ver. 2. 1991, prepared by M. Moshir et al.
(IRAS Faint Source Survey) (Pasadena: JPL)

IRAS Point Source Catalog, Ver. 2. 1988, prepared by Joint IRAS Science
Working Group (Washington: GPO)

La Valley, M. P., Isobe, T., & Feigelson, E. D. 1992, BAAS, 24, 839

Kellerman, K. I, Sramek, R., Schmidt, M., Shaffer, D. B., & Green, R. 1989,
AJ, 98,1195

Kliehg,6H., Witzel, A., Pauliny-Toth, I. I. K., & Nauber, U. 1981, A&AS,

5,367

Low, F. J., Huchra, J. P., Kleinmann, S. G., & Cutri, R. M. 1988, ApJ, 327,
141

Meurs, E.J. A, & Wilson, A. S. 1984, A&A, 136, 206

Miller, L., Peacock, J. A., & Mead, A. R. G. 1990, MNRAS, 228, 501

Norris, R. P., Allen, D. A, Sramek, R. A, Kesteven, M. J., & Troup, E. R.
1990, ApJ, 359, 291

Osterbrock, D. E., & Martel, A. 1993, ApJ, 414, 552

Persic, M., et al. 1989, ApJ, 344, 125

Roy, A. L., Norris, R. P, Kesteven, M. J.,, Troup, E. R., & Reynolds, J. E.
1994, ApJ, 432,496

Rush, B,, Malkan, M. A., & Spinoglio, L. 1993, ApJS, 89, 1 (RMS93)

. 1996, in preparation

Schmidt, M. 1968, ApJ, 151, 393

Schmidt, M., & Green, R. F. 1983, ApJ, 269, 352

Spinoglio, L., & Malkan, M. A. 1989, ApJ, 342, 83 (SM89)

Spinoglio, L., Malkan, M. A., Rush, B., Carrasco, L., & Recillas-Cruz, E.
1995, ApJ, 453, 616

Ulvestad, J. S., & Wilson, A. S. 1984a, ApJ, 278, 544

. 1984b, ApJ, 285,439

. 1989, ApJ, 343, 659

Ver6n-Cetty, M.-P., & Veron, P. 1991, A Catalog of Quasars and Active
Nouclei (ESO Sci. Rep. 10) (5th ed.; Munich: ESO)

White, R. L., & Becker, R. H. 1992, ApJS, 79, 331

Wilson, A. S., & Colbert, E. J. M. 1995, ApJ, 438, 62

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


http://adsabs.harvard.edu/abs/1996ApJ...473..130R

