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IN order to determine the incidence of black-hole accretion driven nuclear activity in
nearby galaxies, as manifested by their radio emission, we have carried out a sub-

arcsec-scale MERLIN survey of 71 LINER and composite LINER/H II galaxies from a
complete magnitude-limited sample of bright galaxies (Palomar sample), with unknown
arcsecond-scale radio properties. These galaxies supplement the already known low lumi-
nosity AGN – low luminosity Seyferts, some LINERs and composite LINER/H II galaxies
– in this sample. There are seven new radio detections, which are candidate AGN. Com-
bining all radio detected low luminosity Seyferts, LINERs and composite LINER/H II

galaxies from the Palomar sample, we obtain an overall radio detection rate of ∼50% and
we estimate that >

∼40% of the sources are true AGN. Using all Seyferts, LINERs, and
composite galaxies in the Palomar sample, we construct the local optical and radio lumi-
nosity function. Results show that the Palomar sources are likely the local low luminosity
counterparts of high redshift, bright QSOs.
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5.1 Introduction

The search for low luminosity active galactic nuclei (LLAGN) in nearby galaxies has been
the subject of many optical surveys. Results show that nuclear activity may be a common
phenomenon. The Palomar survey (Ho, Filippenko & Sargent 1995, 1997a, b) has been very
useful in this regard by providing a sensitive magnitude-limited (BT <12.5 mag) sample
of nearby galaxies. About half of the sources are emission-line nuclei (LHα ≤ 1040 erg
s−1), classified as Seyferts, LINERs or composite LINER/H II galaxies. This last category
displays both LINER and H II properties. However, characterizing the powering mechanisms
of the sources is not straightfoward, particularly in low luminosity sources like composite
LINER/H II nuclei. Many of these galaxies also possess circumnuclear star-forming regions
which blend with and may even drown out the presence of a weak AGN core.

Optimally it is necessary to pick spectral regions where the contrast between any hypo-
thetical LLAGN component and circumnuclear stellar component is maximized. The ultra-
violet is useful in this respect through the study of line ionization and variability, but usually
dust obscuration is a major obstacle (Maoz et al. 1998; Barth et al. 1998). X-rays are use-
ful as well but are often plagued by photoelectric absorption which can obscure an ionizing,
hard X-ray source. Also, since composite LINER/H II galaxies are known to be weak X-ray
emitters compared to low luminosity Seyfert and LINER 1s with similar optical emission-
line luminosities (Terashima et al. 2000; Terashima, Ho & Ptak 2000; Ho et al. 2001), long
exposures are required.

Radio observations offer the cleanest census for determining the LLAGN incidence in
nearby galaxies. Measurements of radio flux, compactness, radio spectral index (Fν ∝ ν−α)
and brightness temperatures provide the necessary diagnostic tools for determining the nature
of the radio emission.

Several important radio surveys have been conducted on the magnitude-limited Palomar
bright galaxy sample (Ho, Filippenko & Sargent 1995, 1997a, b), revealing a large fraction of
radio cores, not only in ellipticals but also in bulge-dominated spirals. In a recent Very Large
Array (VLA) 5 and 1.4 GHz, 1′′ resolution survey of the low luminosity Seyferts of the Palo-
mar sample (Ho & Ulvestad 2001; Ulvestad & Ho 2001a), it was found that over 80% of the
sources harbour a radio core. In a distance-limited sample of low luminosity Seyferts, LIN-
ERs and composite LINER/H II galaxies observed with the VLA at 15 GHz, 0 ′′. 25 resolution
(Nagar et al. 2000; Nagar et al. 2002), it was found that almost 50% of the objects harbour
sub-arcsec-scale compact radio cores. A similar study with the VLA, at 8.4 GHz, 2.5′′ reso-
lution of all the compact LINER/H II galaxies in the Palomar sample has been presented in
Chapter 2 and 3, revealing a detection rate of 25% compact radio cores. However, although
the radio core emission in these sources is consistent with the presence of a LLAGN, we
cannot exclude a stellar origin from the brightness temperature figures (TB

<
∼105 K; Condon

1992) obtained at these resolutions. As conclusive judgement requires long-baseline resolu-
tion, multi-wavelength Very Long Baseline Array (VLBA) and European Very Long Baseline
Interferometer Network (EVN) observations have been obtained for small samples of low lu-
minosity Seyferts, LINERs and composite LINER/H II galaxies that showed subarcsec-scale
radio cores (Falcke et al. 2000, Nagar et al. 2000; Chapter 4). In sources with arcsec-scale
radio emission above 2.5 mJy, results reveal a ∼70% detection rate of high brightness tem-
perature (TB ≥108 K), compact, flat spectrum (α <0.5) radio cores, enforcing the LLAGN
scenario for the radio emission. Furthermore, their low radio luminosities suggest we are
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probing the very faint end of the AGN luminosity function. Therefore, we wish to use these
observations to establish a systematic and complete census of the occurence of LLAGN in
nearby galaxies.

Unambiguously determining the physical nature of the nearby galaxy radio cores is more
than of mere phenomenological interest. If they truly contain an accretion-powered nucleus,
then they obviously need to be included in the AGN population. Their non-trivial numbers
impact on several astrophysical problems ranging from the cosmological evolution of the
AGN luminosity function, to their contribution to the X-ray background.

5.2 Source Selection

The target sources were taken from the Palomar survey of bright nearby galaxies. The Palo-
mar sample contains a total of 417 emission-line objects, of which 206 are stellar-powered
H II nuclei. Among the remaining sources, 52 are classified as low luminosity Seyfert galax-
ies, 94 as LINERs and 65 as composite LINER/H II galaxies, many of which may be AGN-
powered. We shall refer to all the Seyferts, LINERs and composite sources in the Palomar
survey as the ‘Palomar sources’ for brevity, but note they do not include the H II nuclei or
the galaxies with featureless spectra in the Palomar catalogue as given in Ho, Filippenko &
Sargent (1997a). After the extensive radio studies described above and in Chapter 2, 3 and 4
which targeted all low luminosity Seyfert and composite LINER/H II galaxies and part of the
LINERs in the Palomar sample, we selected the remaining (71) LINERs or composite sources
having either unknown radio properties or known radio emission in excess of 2 mJy but only
on arcsec-scales. One of the aims was to detect weak radio cores that could have gone un-
detected in lower resolution radio observations. The sources were observed with the Jodrell
Bank Multi-Element Radio-Linked Interferometer Network (MERLIN), at 5 GHz, 0 ′′. 1 reso-
lution. These MERLIN observations were intended as a filter for follow-up, high resolution
EVN observations, which should increase the brightness temperature figures to the neces-
sary 107 K level and therefore unambiguously determine the nature of the radio emission. In
Table 5.1 we summarize the properties of the 71 sources observed with MERLIN.

5.3 Observations and Data Reduction

The 5 GHz MERLIN observations were obtained during 2001 October 18–20, with a 150 MHz
bandwidth. Defford, Cambridge, Knockin, Darnhall and Tabley telescopes were used, yield-
ing a resolution of about 0 ′′. 1 at 5 GHz. Typically four 8 minute scans of the sources were
interspersed with 2 minute scans of the respective phase calibrators, for a total integration
time of about 25 minutes on each target source. 3C286, the primary flux calibrator, was ob-
served twice during the observing run. Initial reduction of the MERLIN data was performed
by S. Garrington using the AIPS pipeline at Jodrell Bank.

In Table 5.2 we summarize the radio parameters for the MERLIN detected sources. The
rms noise level was measured in a source-free region using the AIPS task IMSTAT.

5.4 Radio Properties

Of the 71 objects observed with MERLIN, seven objects were detected above the 5σ (∼0.5 mJy
beam−1) threshold. Of these, all are unresolved except for NGC 3884 and NGC 4203. One
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TABLE 5.1— Sample sources. Col. 1 and 2: Source name. Col. 3 and 4: Optical
position from NASA/IPAC Extragalactic Database (NED). Col. 5: Adopted dis-
tance from Tully 1988, with H0=75 km s−1 Mpc−1 or Ho, Filippenko & Sargent
(1997a). Col. 6: Optical type from Ho et al. 1997a. L = LINERs, S = Seyferts,
and T = composite LINER/H II galaxies. Comas refer to uncertain (:) or highly
uncertain (::) spectral classification. The number 1.9 refers to a broad Hα detec-
tion and 2 refers to the absence of broad Hα emission. Col. 7: Hubble type from
NED.

RA(J2000) Dec(J2000) D

Galaxy Other (h m s ) (◦ ′ ′′) (Mpc) Optical Type Hubble Type
(1) (2) (3) (4) (5) (6) (7)

IC 356 04 07 46.9 +69 48 45 18.1 T2 SA(s)ab pec
IC 520 08 53 42.2 +73 29 27 47.0 H SAB(rs)ab?
NGC 428 01 12 55.6 +00 58 54 14.9 L2/T2: SAB(s)m
NGC 488 01 21 46.8 +05 15 25 29.3 T2:: SA(r)b
NGC 521 01 24 33.8 +01 43 52 67.0 T2/H: SB(r)bc
NGC 718 01 53 13.3 +04 11 44 21.4 L2 SAB(s)a
NGC 777 02 00 14.9 +31 25 46 66.5 S2/L2:: E1
NGC 841 02 11 17.3 +37 29 50 59.5 L1.9: (R’)SAB(s)ab
NGC 1169 03 03 34.7 +46 23 09 33.7 L2 SAB(r)b
NGC 1961 05 42 04.8 +69 22 43 53.1 L2 SAB(rs)c
NGC 3675 11 26 07.9 +43 35 10 12.8 T2 SA(S)b
NGC 2336 07 27 03.7 +80 10 42 2.9 L2/S2 SAB(r)bc
NGC 2681 08 53 32.8 +51 18 50 13.3 L1.9 (R’)SAB(rs)0/a
NGC 2768 09 11 37.5 +60 02 15 23.7 L2 E6:
NGC 2832 09 19 46.9 +33 44 59 91.6 L2:: E+2:
NGC 2841 09 22 02.6 +50 58 35 12.0 L2 SA(r)b:
NGC 2985 09 50 21.6 +72 16 44 22.4 T1.9 (R’)SA(rs)ab
NGC 3166 10 13 45.6 +03 25 32 22.0 L2 SAB(rs)0/a
NGC 3169 10 14 15.0 +03 27 57 19.7 L2 SA(s)a pec
NGC 3190 10 18 05.8 +21 49 56 22.4 L2 SA(s)a pec spin
NGC 3226 10 23 27.0 +19 53 54 23.4 L1.9 E2: pec
NGC 3301 10 36 55.8 +21 52 55 23.3 L2 (R’)SB(rs)0/a
NGC 3368 M 96 10 46 45.7 +11 49 12 8.1 L2 SAB(rs)ab
NGC 3414 10 51 16.2 +27 58 30 24.9 L2 S0 pec
NGC 3433 10 52 03.9 +10 08 54 39.5 L2/T2:: SA(s)c
NGC 3507 11 03 25.4 +18 08 12 19.8 L2 SB(s)b
NGC 3607 11 16 54.3 +18 03 10 19.9 L2 SA(s)0:
NGC 3623 M 65 11 18 55.9 +13 05 37 7.3 L2: SAB(rs)a
NGC 3627 M 66 11 20 15.0 +12 59 30 6.6 T2/S2 SAB(s)b
NGC 3628 11 20 16.9 +13 34 20 7.7 T2 SAb pec spin
NGC 3646 11 22 14.7 +20 12 31 56.8 H/T2: SB(s)a
NGC 3718 11 32 35.3 +53 04 01 17.0 L1.9 SB(s)a pec
NGC 3780 11 39 22.4 +56 16 15 37.2 L2:: SA(s)c:
NGC 3884 11 46 12.2 +20 23 30 91.6 L1.9 SA(r)0/a;
NGC 3898 11 49 15.2 +56 05 04 21.9 T2 SA(s)ab;
NGC 3945 11 53 13.6 +60 40 32 22.5 L2 SB(rs)0+
NGC 4013 11 58 31.3 +43 56 49 17.0 T2 SAb
NGC 4036 12 01 26.9 +61 53 44 24.6 L1.9 S0−
NGC 4143 12 09 36.1 +42 32 03 17.0 L1.9 SAB(s)0
NGC 4203 12 15 05.0 +33 11 50 9.7 L1.9 SAB0−:
NGC 4293 12 21 12.8 +18 22 58 17.0 L2 (R)SB(s)0/a
NGC 4321 M 100 12 22 54.9 +15 49 21 16.8 T2 SAB(s)bc
NGC 4414 12 26 27.1 +31 13 24 9.7 T2: SA(rs)c?
NGC 4435 12 27 40.5 +13 04 44 16.8 T2/H: SB(s)0
NGC 4438 12 27 45.6 +13 00 32 16.8 L1.9 SA(s)0/a
NGC 4450 12 28 29.5 +17 05 06 16.8 L1.9 SA(s)ab
NGC 4457 12 28 59.1 +03 34 14 17.4 L2 (R)SAB(s)0/a
NGC 4548 M 91 12 35 26.4 +14 29 47 16.8 L2 SBb(rs)
NGC 4589 12 37 25.0 +74 11 31 30.0 L2 E2
NGC 4636 12 42 50.0 +02 41 17 17.0 L1.9 E0+
NGC 4736 M 94 12 50 53.0 +41 07 14 4.3 L2 (R)SA(r)ab
NGC 4750 12 50 07.1 +72 52 30 26.1 L1.9 (R)SA(rs)ab
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TABLE 5.1— Sample sources (cont.).

RA(J2000) Dec(J2000) D

Galaxy Other (h m s ) (◦ ′ ′′) (Mpc) Optical Type Hubble Type
(1) (2) (3) (4) (5) (6) (7)

NGC 4772 12 53 29.0 +02 10 02 16.3 L1.9 SA(s)a
NGC 4826 M 64 12 56 43.7 +21 40 52 4.1 T2 (R)SA(rs)ab
NGC 5077 13 19 31.6 −12 39 26 40.6 L1.9 E3+
NGC 5297 13 46 23.7 +43 52 20 37.8 L2 SAB(s)c: spin
NGC 5322 13 49 15.2 +60 11 26 31.6 L2:: E3+
NGC 5353 13 53 26.7 +40 16 59 37.8 L2/T2: SA0 spin
NGC 5363 13 56 07.1 +05 15 20 22.4 L2 IA0?
NGC 5371 13 55 39.9 +40 27 43 37.8 L2 SAB(rs)bc
NGC 5377 13 56 16.6 +47 14 08 31.0 L2 (R)SB(s)a
NGC 5448 14 02 49.7 +49 10 21 32.6 L2 (R)SAB(r)a
NGC 5678 14 32 05.8 +57 55 17 35.6 T2 SAB(rs)b
NGC 5813 15 01 11.2 +01 42 08 28.5 L2: E1+
NGC 5838 15 05 26.2 +02 05 58 28.5 T2:: SA0−
NGC 5970 15 38 30.1 +12 11 12 31.6 L2/T2: SB(r)c
NGC 6340 17 10 24.9 +72 18 16 22.0 L2 SA(s)0/a
NGC 6501 17 56 03.7 +18 22 23 39.6 L2:: SA0+:
NGC 6702 18 46 57.6 +45 42 20 62.8 L2:: E:
NGC 6703 18 47 18.8 +45 33 02 35.9 L2:: SA0−

source with a documented VLBA radio core (NGC 4548; Nagar et al. 2002) was not detected
due to mispointing.

NGC 3169, NGC 3226, NGC4143, NGC 4203 and NGC 4772 have also been observed
with the VLBA (Falcke et al. 2000; Nagar et al. 2002) and all have flux densities above 3 mJy.
Of these sources we have only detected NGC 4203 and NGC 3226. The MERLIN integrated
flux for NGC 3226 is comparable to the Falcke et al. (2000) measurement, denoting that the
core is compact on mas-scales. For reasons that are not clear, NGC 4203 has a lower flux
density than that quoted in Falcke et al. (2000).

From the MERLIN imaging, NGC 2768, 3718, 4203 and 5353 show compact cores near
the phase center, coincident with the optical nucleus. NGC 3414, NGC 3884, and NGC 3226
show weak radio emission coincident with the optical nucleus; in addition, NGC 3226 ex-
hibits a ∼1 mJy extension to the Southwest.

NGC 3169, NGC 4450, NGC 4589, NGC 5077, and NGC 5363 are documented in the
NASA/IPAC Extragalactic Database (NED) as having strong (Fint >10 mJy) radio emission
on scales larger than 1′ . However, their radio emission is not well constrained by the MER-
LIN data. It is not clear whether there are noise spikes in the map due to cleaning of strong
sidelobes or real strongly resolved emission. With the exception of NGC 5077 which shows a
clear peak at the target position, tapering of the images does not show radio emission clearly
above the noise level. For the purpose of this high resolution study, we shall consider these
non-detections.

The overall detection rate for the MERLIN observations is 11%. This is rather low, given
the detection limit of the survey (5σ=0.5 mJy beam−1). However, we can compare this de-
tection rate with the detection rate of radio cores in the LINER, Seyfert and composite galaxy
sample of Nagar et al. (2000, 2002). The Nagar et al. (2000, 2002) sample is distance-limited
(D≤19 Mpc), whereas our MERLIN sources are a factor 3–4 more distant. For the reason-
able supposition that the more distant LINERs have the same intrinsic range in luminosity
as the nearby ones, this then corresponds to a factor 9–16 lower flux densities in the more
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TABLE 5.2— Map parameters of the detected
sources. Col. 1: Source name. Col. 2: Restor-
ing beam. Col. 3: Position angle of the beam.
Col. 4: rms noise level of the image.

Beamsize P.A. rms

Galaxy (mas2) (deg) (mJy/beam)
(1) (2) (3) (4)

NGC 2768 130 × 68 − 7.07 0.10
NGC 3226 153 × 48 −51.23 0.12
NGC 3414 153 × 49 −49.53 0.10
NGC 3718 108 × 40 −37.35 0.12
NGC 3884 85 × 58 −79.10 0.08
NGC 4203 126 × 46 −28.85 0.09
NGC 5353 73 × 43 23.66 0.13

distant MERLIN sources. Therefore, although our observations are about a factor 2 higher in
sensitivity, these MERLIN results are consistent with the detection rate of radio cores in the
Nagar et al. (2000, 2002) sample.

Most of the Palomar sources that are not detected on <100 mas-scales (from the present
MERLIN and other published radio observations) are Type 2, with no broad line emission. It
is possible that Type 2 sources are a mixed case, whereby only a small fraction of the Type 2
Palomar sources are genuine AGN. However, a significant fraction of these sources do ex-
hibit radio emission on arcsec-scales (when available), but with radio peaks below 2 mJy (see
Chapter 2 and 3; Nagar et al. 2000, 2002). Therefore, the possibility that these sources har-
bour a submillijansky AGN radio core on mas-scales (see NGC 660 and NGC 7331; Chapter 3
and 4), cannot be ruled out; they are simply too difficult to detect with such short integration
times. We will return to this issue in Section 5.5.2.

The MERLIN radio maps of the detected sources are included in the end of the chapter,
in Fig. 5.1–5.2. Contour levels are CLEV×(−3, 3, 6, 12, 24, 48, 96, 192), where CLEV is
the typical rms noise level on the radio map (Table 5.2).

Table 5.3 includes the model fits to the detected radio components. The AIPS task IMFIT
was used to fit bi-dimensional Gaussians to the brightness peaks in each radio component.
Sources are considered unresolved if their deconvolved source size is smaller than half the
beamwidth (Table 5.2) in any component. Table 5.3 also lists the radio properties of the
detected radio cores. The brightness temperature has been calculated using the formula:

TB = 7.8×106
(

Fν

mJy

)

(

θ
2.5 mas

)−2 (

ν
5 GHz

)−2

where Fν is the peak flux density of the sources and θ is the FWHM of the Gaussian beam,
taken to be typically 0 ′′. 1 for MERLIN 5 GHz observations.

5.5 Luminosity Functions

All low luminosity Seyferts, LINERs and composite LINER/H II of the Palomar sample
have now been observed at 5′′ resolution or better, when we include the present MERLIN
observations. The final sample for the subsequent analysis consists of 197 Seyferts, LINERs
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TABLE 5.3— The 5 GHz radio parameters of the detected sources. Col. 1: Source name.
Col. 2: 5 GHz peak radio flux density. Col. 3 and 4: 5 GHz radio position. Col. 5:
Integrated 5 GHz flux density. Col. 6: Deconvolved source size. Col. 7: Position angle of
the source. Col. 8: Brightness temperature.

Fpeak RA(J2000) Dec(J2000) Fint Size P.A. TB

Galaxy (mJy) (h m s ) (◦ ′ ′′ ) (mJy) (mas2) (deg) (K)
(1) (2) (3) (4) (5) (6) (7) (8)

NGC 2768 5.22 09 11 37.413 60 02 14.85 5.43 . . . . . . 2.5×104

NGC 3226 1.02 10 23 27.009 19 53 54.68 3.48 198 × 79 107.5 4.9×103

NGC 3414 0.86 10 51 16.210 27 58 30.27 1.20 . . . . . . 4.1×103

NGC 3718 2.62 11 32 34.853 53 04 04.51 2.71 . . . . . . 1.3×104

NGC 3884 1.50 11 46 12.183 20 23 29.93 1.19 48 × 48 . . . 7.3×103

NGC 4203 3.07 12 15 05.053 33 11 50.35 3.44 . . . . . . 1.5×104

NGC 5353 14.02 13 53 26.694 40 16 58.89 15.18 . . . . . . 6.8×104

and composite LINER/H II galaxies of the Palomar sample with positive declination and
BT ≤12.5 mag, where we have excluded 14 sources that do not meet both criteria. These 197
Palomar sources will be used to construct the local optical (OLF) and radio (RLF) luminosity
functions.

5.5.1 Optical Luminosity Function

Because the sample sources are fairly nearby (D<100 Mpc), we have considered a flat, Eu-
clidean Universe with q0 = 0.5 and H0 = 75 km s−1 Mpc−1 for the subsequent calculations.
The V/Vmax method (Schmidt 1968) was applied in order to construct the OLF in the B-
band. The main constraints arise from the magnitude limit of the Palomar survey which is
taken to be Blimit=12.5 mag (Ho, Filippenko & Sargent 1995). Moreover, only galaxies with
positive declination were observed, which restricts the survey area covered to 2π. The calcu-
lation of the OLF is then performed in 1.0 mag intervals. In each bin centered on the absolute
magnitude M∗, the space density (or differential LF) follows from the expression:

Φ(M∗) = 4π
Ω Σ

n(M∗)
i=1

1
Vmax(i)

where n(M∗) is the number of galaxies in the bin with magnitudes between M∗−0.5 and
M∗+0.5, 4π

Ω is the fraction of the sky covered by the optical survey, and Vmax is the maximum
volume of the sphere in which the source could have been detected (≡ 4π

3 dmax(i)
3) given the

magnitude limit of the survey. Statistical errors associated with the space densities were
assigned assuming Poisson statistics. The total number of objects per unit volume brighter
than M∗ (Ψ(M∗); cumulative version of the OLF) is obtained by summing over all the space
densities in bins with M<M∗:

Ψ(M∗) = Σ
n(M<M∗)
i=1 Φ(M∗)

Table 5.4 contains the derived OLF for the sample sources, all together and separately for
Seyferts, LINERs, composite sources and then also for Type 1 and Type 2 objects (with and
without broad lines, respectively).
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TABLE 5.4— The local optical luminosity function. Col. 1: Binned absolute magnitude. Col.
2,5,8: Number of galaxies in the magnitude bin. Col. 3,6,9: Space density of galaxies and error.
Col. 4,7,10: Cumulative number of galaxies.

M logΦ logΨ logΦ logΨ log Φ logΨ
(mag) N (mag−1 Mpc−3) N (mag−1 Mpc−3) N (mag−1 Mpc−3)

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10)
Seyferts LINERs Composite

−23.0 . . . . . . . . . 1 −5.96+0.30
−1.00 −5.96 . . . . . . . . .

−22.0 5 −4.88+0.16
−0.26 −4.88 8 −4.68+0.13

−0.19 −4.66 5 −4.88+0.16
−0.26 −4.88

−21.0 19 −3.74+0.09
−0.11 −3.71 31 −3.67+0.07

−0.09 −3.63 22 −3.78+0.08
−0.10 −3.74

−20.0 10 −3.69+0.12
−0.17 −3.40 30 −3.19+0.07

−0.09 −3.05 25 −3.09+0.08
−0.10 −3.01

−19.0 7 −3.30+0.14
−0.21 −3.05 16 −2.95+0.10

−0.12 −2.70 9 −2.99+0.12
−0.18 −2.70

−18.0 2 −3.26+0.23
−0.53 −2.84 1 −3.70+0.30

−1.00 −2.66 3 −2.91+0.20
−0.37 −2.49

−17.0 1 −3.11+0.30
−1.00 −2.65 . . . . . . −2.66 . . . . . . . . .

−16.0 . . . . . . −2.65 1 −2.24+0.30
−1.00 −2.10 . . . . . . . . .

−15.0 1 −1.30+0.30
−1.00 −1.28 . . . . . . . . . . . . . . . . . .

Type 1 Type 2 All
−23.0 . . . . . . . . . 1 −5.96+0.30

−1.00 −5.96 1 −5.96+0.30
−1.00 −5.96

−22.0 3 −5.31+0.20
−0.37 −5.31 15 −4.37+0.10

−0.13 −4.36 18 −4.32+0.09
−0.12 −4.31

−21.0 15 −3.83+0.09
−0.13 −3.82 57 −3.38+0.05

−0.06 −3.34 72 −3.25+0.05
−0.05 −3.21

−20.0 9 −3.80+0.12
−0.18 −3.51 56 −2.82+0.05

−0.06 −2.71 65 −2.78+0.05
−0.06 −2.64

−19.0 10 −3.27+0.11
−0.17 −3.07 22 −2.68+0.08

−0.10 −2.39 32 −2.58+0.07
−0.08 −2.31

−18.0 2 −3.30+0.02
−0.53 −2.87 4 −2.83+0.18

−0.30 −2.26 6 −2.70+0.15
−0.23 −2.16

−17.0 1 −3.11+0.30
−1.00 −2.67 . . . . . . −2.26 1 −3.11+0.30

−1.00 −2.12

−16.0 . . . . . . . . . 1 −2.24+0.30
−1.00 −1.95 1 −2.24+0.30

−1.00 −1.87

−15.0 . . . . . . . . . 1 −1.30+0.30
−1.00 −1.21 1 −1.30+0.30

−1.00 −1.19

5.5.2 Radio Luminosity Function

Table 5.5 gives a list of the radio surveys used to derive the RLF for the sample sources. Indi-
vidual objects taken from other radio surveys are also listed. Radio observations at different
frequencies have been transformed to 5 GHz (or to 1.4 GHz; see Section 5.6) assuming a
spectral index of 0.7 and also corrected for different cosmologies. When several observations
of the same galaxy were available, by order of preference we choose Ho & Ulvestad (2001)
for Seyferts, the radio observations in Chapter 2 and 3 for composite galaxies and Nagar et
al. (2002), the present MERLIN observations and Wrobel & Heeschen (1991) for LINERs.

Galaxies are considered detected if their radio flux density is above 5σ, where σ is the
typical noise associated with the respective survey. 82%, 31%, and 53% of the Seyferts,
LINERs, and composite galaxies were detected in the radio at 5′′ resolution or less. For Type 1
and 2 sources, the detections are 78% and 43%, respectively. Of the Type 1 radio detected
sources, which are known to be genuine AGN, 64% are classified as Seyferts and 36% are
LINERs. All except one radio detected composite galaxy show no broad emission lines
(Type 2). 25%, 24%, and 51% of the Type 2 radio detected sources are Seyferts, LINERs,
and composite galaxies, respectively.

We can also estimate the fraction of these radio detected sources that are AGN, based on
the presence of compact radio cores at <1′′ resolution. We note that not all galaxies have
been observed with such high resolution (for example, Wrobel & Heeschen 1991) and so
these are excluded in this estimate. Futhermore, empirical evidence suggests that there is a
radio peak flux density threshold of 2 mJy below which the sources become hard to detect
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at mas-scale resolution (Falcke et al. 2000, Nagar et al. 2000, 2002, Chapter 4). Known
AGN sources with submillijansky radio cores and hard X-ray emission (see NGC 660 and
NGC 7331; Chapter 3 and 4) will be ‘missed’ by these relatively short integration time, mas-
scale resolution observations. We therefore caution that this estimate is likely a lower limit to
the true AGN fraction in Palomar sources. 80% of the Seyferts (Ho & Ulvestad 2001), 30%
of the LINERs (the present MERLIN observations and Nagar et al. 2000, 2002) and 10%
of the composite sources (Chapter 4) are likely AGN. The total fraction of Palomar sources
harbouring AGN is therefore >

∼40%.

TABLE 5.5— Radio data used in the construction of the RLF. Col.
1: Galaxy/Optical type. L = LINER, S = Seyfert, T = composite
LINER/H II. Col. 2: Number of sources in the survey. Col. 3: Fre-
quency. Col. 4: Resolution. Col. 5: Instrument. Col. 6: Flux limit.
Col. 7: Reference.

ν Res. Flimit

Galaxy/Type N (GHz) (arcsec2) Instr. (mJy) Ref.
(1) (2) (3) (4) (5) (6) (7)

S 52 5 1.0 VLA 0.2 1
L + T + S 72 15 0.15 VLA 1.0 2
L + T + S 48 15 0.15 VLA 1.1 3
T 11 8.4 2.5 VLA 0.3 4
T 25 8.4 2.5 VLA 0.3 5
L + T + S 198 5 5 VLA 0.5 6
L + T + S 71 5 0.1 MERLIN 0.5 7
NGC 315 . . . 5 0.002 VLBI 3.5 8
NGC 2911 . . . 5 0.005 EVN 1.0 10
NGC 3898 . . . 1.5 5 VLA 0.8 11
NGC 3998 . . . 5 0.005 EVN 1.0 10
NGC 5746 . . . 1.5 5 VLA 0.8 11
NGC 5850 . . . 1.5 1.3 VLA 0.6 12
NGC 5985 . . . 1.5 1.3 VLA 0.6 12
NGC 7331 . . . 5 2 VLA 0.1 13
NGC 7626 . . . 5 2 VLA 1.0 14

REFERENCES – (1) Ho & Ulvestad 2001; (2) Nagar et al. 2002; (3) Nagar et
al. 2000; (4) Chapter 3; (5) Chapter 2; (6) Wrobel & Heeschen 1991; (7) This
chapter; (8) Venturi et al. 1993; (9) Wrobel & Heeschen 1984; (10) Filho et al.
2003; (11) Becker, White & Helfand 1995 (FIRST); (12) Hummel et al. 1987;
(13) Cowan, Romanishin & Branch 1994; (14) Birkinshaw & Davies 1985.

The space densities in the constructed RLF are dominated by Type 2 sources (Fig. 5.3–
5.4), although 57% of the Type 2 sources were not detected on scales <5′′. One scenario
is that in which Type 2 sources are simply a mixed case, whereby only a small fraction of
these are genuine AGN. However, various lines of evidence, as stated above, suggest that
we are underestimating the number of LLAGN in the Palomar sources. Long integration,
high resolution X-ray and radio observations should prove useful in this regard. If there is
a significant population of submillijansky LLAGN that we cannot detect with the present
observations, then by including them in the RLF, we should expect higher space densities, in
particular at the low luminosity end of the RLF.

Because most of the radio fluxes were taken from arcsec resolution surveys, we expect
also to overestimate some of the radio flux densities. Many of these sources are known to
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TABLE 5.6— The local radio luminosity function. Col. 1: Binned radio power. Col. 2,5,8:
Number of galaxies in the radio magnitude bin. Col. 3,6,9: Space density of galaxies and error.
Col. 4,7,10: Cumulative number of galaxies.

P logΦ logΨ logΦ logΨ log Φ logΨ
(W Hz−1) N (mag−1 Mpc−3) N (mag−1 Mpc−3) N (mag−1 Mpc−3)

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10)
Seyferts LINERs Composite

18.2 1 −2.49+0.30
−1.00 −2.49 . . . . . . . . . . . . . . .

18.6 2 −3.16+0.23
−0.53 −2.40 . . . . . . . . . 2 −2.70+0.23

−0.53 −2.70

19.0 4 −3.18+0.18
−0.30 −2.34 1 −2.15+0.30

−1.00 −2.15 1 −3.57+0.30
−1.00 −2.64

19.4 6 −2.97+0.15
−0.23 −2.25 1 −3.30+0.30

−1.00 −2.12 3 −3.28+0.20
−0.37 −2.55

19.8 4 −3.60+0.18
−0.30 −2.23 4 −3.01+0.18

−0.30 −2.07 7 −3.24+0.14
−0.21 −2.47

20.2 5 −3.56+0.16
−0.26 −2.21 5 −3.27+0.16

−0.26 −2.04 5 −3.65+0.16
−0.26 −2.44

20.6 3 −3.92+0.20
−0.37 −2.20 1 −3.67+0.30

−1.00 −2.03 8 −3.39+0.13
−0.19 −2.40

21.0 5 −4.03+0.16
−0.26 −2.19 4 −3.65+0.16

−0.30 −2.02 4 −3.79+0.18
−0.30 −2.38

21.4 4 −4.13+0.18
−0.30 −2.19 2 −3.70+0.23

−0.53 −2.01 4 −3.31+0.18
−0.30 −2.33

21.8 2 −4.13+0.23
−0.53 −2.18 4 −4.19+0.18

−0.30 −2.00 . . . . . . . . .
22.2 . . . . . . −2.18 1 −5.04+0.30

−1.00 −2.01 . . . . . . . . .
22.6 1 −4.77+0.30

−1.00 −2.18 2 −4.32+0.23
−0.53 −2.00 . . . . . . . . .

23.0 . . . . . . . . . . . . . . . −2.00 . . . . . . . . .
23.4 . . . . . . . . . 2 5.13+0.23

−0.53 −2.00 . . . . . . . . .
Type 1 Type 2 All

18.2 1 −2.49+0.30
−1.00 −2.49 . . . . . . . . . 1 −2.49+0.30

−1.00 −2.49

18.6 1 −3.41+0.30
−1.00 −2.44 3 −2.64+0.20

−0.37 −2.64 4 −2.57+0.18
−0.30 −2.23

19.0 1 −3.98+0.30
−1.00 −2.43 5 −2.10+0.16

−0.26 −1.99 6 −2.09+0.15
−0.23 −1.86

19.4 4 −2.83+0.18
−0.30 −2.29 6 −3.22+0.15

−0.23 −1.96 10 −2.68+0.12
−0.17 −1.79

19.8 2 −3.69+0.23
−0.53 −2.27 13 −2.80+0.11

−0.14 −1.90 15 −2.75+0.10
−0.12 −1.75

20.2 5 −3.37+0.16
−0.26 −2.24 10 −3.21+0.12

−0.17 −1.88 15 −2.99+0.10
−0.12 −1.73

20.6 4 −3.48+0.18
−0.30 −2.21 8 −3.40+0.13

−0.19 −1.87 12 −3.14+0.10
−0.14 −1.71

21.0 7 −3.51+0.14
−0.21 −2.19 6 −3.76+0.15

−0.23 −1.86 13 −3.32+0.11
−0.14 −1.70

21.4 1 −3.73+0.30
−1.00 −2.17 9 −3.24+0.12

−0.18 −1.85 10 −3.12+0.12
−0.17 −1.68

21.8 3 −4.12+0.20
−0.37 −2.17 3 −4.21+0.20

−0.37 −1.84 6 −3.86+0.15
−0.23 −1.68

22.2 . . . . . . −2.17 1 −5.04+0.30
−1.00 −1.84 1 −5.04+0.30

−1.00 −1.68

22.6 1 −4.77+0.30
−1.00 −2.17 2 −4.32+0.23

−0.53 −1.84 3 −4.19+0.20
−0.37 −1.67

23.0 . . . . . . −2.17 . . . . . . −1.84 . . . . . . −1.67

23.4 1 −5.55+0.30
−1.00 −2.17 1 −5.34+0.30

−1.00 −1.84 2 −5.93+0.23
−0.53 −1.67

suffer from resolution effects (Chapter 2, 3 and 4), such that the radio power of the underlying
AGN may be an order of magnitude or so lower than given by the arcsec-scale observations.
The overall effect would be to shift the RLF to lower radio luminosities.

Sample sources are distributed over equal bins in log of radio power (0.4 dex) at 5 GHz.
Similar to the procedure described for the OLF, the V/Vmax method provides the space den-
sity of sources given both the magnitude and radio flux limits. The maximum volume is
choosen to be the smaller of the two. Space densities and cumulative RLF were calculated as
described above for the OLF.

Table 5.6 contains the RLF constructed for the whole sample and for the grouped sources.
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5.6 Discussion
5.6.1 Local Luminosity Functions

We proceed by examining available published surveys. In the optical regime, bright QSOs
outshine the host galaxy. For Palomar sources, where the hypothetical AGN may be very
weak, the inverse is true. Therefore, in order to compare our OLF with those of the QSOs
in the 2dF QSO Redshift Survey (2QZ) and Large Bright QSO Survey (LBQS; Hewitt, Foltz
& Chaffee 1995; Boyle et al. 2000) , we have estimated nuclear B-band magnitudes for the
Palomar sources from their Hβ line luminosities using the correlation found for low luminos-
ity Seyfert 1s (Ho & Peng 2001):

log (LHβ) = −0.34Mnuc
B + 35.1

Only photometric line fluxes were used. We caution that the Ho & Peng (2001) relationship
concerns both narrow and broad Hβ and holds for Type 1 sources. However, only 13% of
the Palomar sources possess photometric measurements of broad Hα. For these sources the
Hβ line luminosities are the sum of the narrow Hβ component given in Ho, Filippenko &
Sargent (1997a) plus the broad component obtained from the broad Hα given in Ho et al.
(1997), assuming a Balmer decrement of 3.1. For the remaining 87% sources, only narrow
Hβ line luminosities were used; it is not clear how the narrow Hβ component is related to
Mnuc

B . Errors in Mnuc
B were assigned assuming only Poisson statistics. We have also compared

the total B-band magnitude OLF of our sample sources with that of the sources in the 2dF
Redshift Galaxy Survey (2dFGRS) at z = 0 (Norbert et al. 2002).

For the RLF intercomparison we have used the E/S0 nearby galaxy radio sample of Sadler
et al. (1989), normalizing the values to our value of H0=75 km s−1 Mpc−1. We have also
used the recent 2dFGRS (Sadler et al. 2002) combined with NVSS radio data (Condon et al.
1998a), converting our flux densities to 1.4 GHz and again correcting for different cosmolo-
gies. The resulting OLF and RLF are plotted in Fig. 5.5–5.7, at the end of the chapter.

In Table 5.7 we show the average values for V/Vmax for selected sample of sources. If
galaxies are found to be distributed uniformly, <V/Vmax >=0.5. When <V/Vmax > exceeds
0.5, the space densities are increasing with increasing distance. This premiss implies a non-
evolving Universe, which is applicable to sources at low redshift, like the Palomar sources.
In the case of higher redshift sources like the 2dFGRS sample, the fact that <V/Vmax >
is larger than 0.5, demonstrates that the sources are evolving, because higher redshift also
implies larger lookback time.

According to the optical magnitudes, sources in the Palomar sample show, on average,
higher space densities nearby (<V/Vmax > less than 0.5), which may denote incompleteness.
For the radio powers, Seyferts appear uniformly distributed. Higher densities of composite
and Type 1 sources are seen at smaller distances, whereas LINERs and Type 2 are more
commonly seen farther away. Overall, the Palomar sources appear to be seen at larger dis-
tances than would be expected from a uniform distribution. In the case of the intermediate
redshift (z <0.4) 2dFGRS sources, there is a hint of cosmological evolution, for the AGN
and consequently the total sample.

Palomar sources span a wide range in magnitudes, dominating with B-band magnitudes
between −22 and −18 mag (Fig. 5.3). Composite and LINER galaxies appear to have a
steeper rising space density with decreasing magnitude than the Seyferts (Fig. 5.3a). At any
B-band magnitude, there are more composite and LINER galaxies per unit volume than there
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TABLE 5.7— <V/Vmax> estimations for samples of
galaxies. Col. 1: Optical Type. Col. 2: Total number
of galaxies. Col. 3: Statistic. Col. 4: Error. Col. 5:
Reference.

Optical Type N <V/Vmax> Error Ref.
(1) (2) (3) (4) (5)

Optical
Seyferts 45 0.449 0.043 1
LINERs 88 0.442 0.031 1
Composite 64 0.439 0.036 1
All 197 0.443 0.021 1
Type 1 40 0.481 0.046 1
Type 2 157 0.433 0.023 1
2dFRGS · · · · · · · · · 2
Radio
Seyferts 37 0.507 0.047 1
LINERs 27 1.378 0.056 1
Composite 34 0.363 0.050 1
All 98 0.820 0.029 1
Type 1 31 0.199 0.052 1
Type 2 67 1.114 0.035 1
2dFGRS (All) 662 0.528 0.011 3
2dFGRS (AGN) 420 0.542 0.014 3
2dFGRS (SF) 242 0.503 0.019 3

REFERENCES – (1) This chapter; (2) Norberg et al. 2002; (3)
Sadler et al. 2002.

are Seyferts. About 20% of the Palomar sources do not exhibit broad emission lines (Type 2).
As denoted in Fig. 5.3b, the local OLF is defined and dominated by these sources. Type 1
sources, which have broad lines and are likely to be genuine AGN, span the same magnitude
range as Type 2 sources.

Space densities of Palomar sources continue to rise with decreasing radio power, perhaps
flattening out below 1020 W Hz−1 (Fig. 5.4). Both Seyfert and LINER galaxies contribute
to the rise in space densities (Fig. 5.4a). On the other hand, the space densities of composite
sources appear to remain constant for radio powers 19<log P5 GHz <21. At any radio power,
there are more radio detected Seyferts and LINERs per unit volume than there are composite
galaxies. As with the OLF, Type 2 sources dominate the Palomar RLF but span the same
radio power range as Type 1 sources (Fig. 5.4b).

From Fig. 5.5a, it can be seen that the derived OLF approaches that of the galaxies in
the 2dFGRS near MB = −21 mag, implying that a significant fraction of galaxies of this
host magnitude may harbour Seyfert, LINER, or composite nuclei. The total fraction of
2dFGRS sources that may harbour Palomar-type sources in the overlapping magnitude range
(−23 < MB < −18) is 30%. At lower host magnitudes, the Palomar sources differ by
about a factor 4-10 from the 2dFRSG sources. This is consistent with incompleteness of the
Palomar survey at low magnitudes. Furthermore, because the Palomar sources only comprise
a subset of the overall galaxy population, the higher space densities of the 2dFGRS sources
at these magnitudes may also indicate the dominance of star-forming and ‘normal’ galaxies.
At the other end, at magnitudes above −22 mag, the Palomar sources fall off. This is the
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magnitude range where the 2dFGRS sources are dominated by bright quasar hosts.
Fig. 5.5b presents the comparison between the Palomar nuclear OLF and the bright

2QZ+LBQS sample (Boyle et al. 2000). The decline of the Palomar OLF at low nuclear
magnitudes is due mainly to incompleteness of the survey. As can be seen from the com-
parison of the high and low redshift QSOs, QSOs undergo source evolution. Pure density
evolution (PDE) implies a shift in the vertical direction, preserving the overall shape of the
luminosity function, which then would not change with time. This simply means that there
were more QSOs in the past than there are now and so once powerful QSOs would now cor-
respond to quiescent galaxies. However, PDE overpredicts the presence of luminous QSOs
at z =0. Thus, some form of luminosity evolution must occur (LDDE), such that the more
luminous QSOs are more likely to become dormant than the least luminous QSOs. Pure lu-
minosity evolution (PLE) corresponds to a horizontal shift in the RLF. In this case, the space
density of sources remains constant with time, but the individual sources are much fainter at
z=0 than at higher redshifts.

As demonstrated by Boyle et al. (2000), PLE provides an acceptable fit to the redshift de-
pendence of the 2QZ+LBQS OLF. Applying a simple PLE model scaling as −2.5 k log(1+z)
to the B-band magnitudes of the lower redshift QSOs, assuming k = 3.5 (Condon 194;
Boyle et al. 2000) and an ‘average’ redshift of z=0.4, leads to a horizontal shift of −1.3
in nuclear magnitude (Fig. 5.5b). We have considered a power law of the form Φ(Mnuc

B )
= a 10b Mnuc

B for the Palomar nuclear OLF. A fit was performed in the high nuclear magni-
tude range (−14 < Mnuc

B < −8), where Type 1 sources dominate and therefore where the
Ho & Peng (2001) relationship is known to be valid. Taking into consideration the Poisson
statistical errors, the power law fit yielded:

Φ(Mnuc
B ) = (0.314 ± 0.026) 10(0.297±0.008) Mnuc

B

Extrapolation of the fitted Palomar nuclear OLF to higher magnitudes is consistent with PLE
of bright QSOs (Fig. 5.5b). The shape of the 2QZ+LBQS OLF is similar to the Palomar OLF,
while Palomar sources are over 500 times more numerous than bright QSOs. (Fig. 5.5b).
Several CfA Seyferts (Ho & Peng 2001) possess nuclear B-band magnitudes in the range
−20 < Mnuc

B < −16, filling in the gap between Palomar sources and bright QSOs. The
Sloan Digital Sky Survey (SDSS) may be useful in this regard, by uncovering more AGN of
these nuclear magnitudes.

It can be seen from Fig. 5.6a, that the space densities of nearby E/S0 galaxies (Sadler et al.
1989) are systematically higher than the Palomar sources for the overlapping radio powers.
Because E/S0 galaxies are known to contain more powerful radio sources than spirals, it is
more likely to find a radio source in an E/S0 than in a (bulge-dominated) spiral. Therefore,
since the Palomar sample contains late as well as early-type galaxies, the space densities
of the Sadler et al. (1989) are expected to be higher. Palomar sources also go down to
lower radio powers and cut off at higher powers, consistent with targeting the more nearby,
weaker, radio-emitting sources. Our results show that the fraction of E/S0 galaxies containing
radio-emitting Seyfert, LINER or composite-like nuclei in the overlapping radio power range
(19.5<log P5 GHz <23.5) is 9%.

Galaxies in the 2dFGRS sample are classified as either AGN or star-forming (SF), accord-
ing to their spectral characteristics (Sadler et al. 2002). From Fig. 5.6b it can be seen that
the 2dFGRS sample (Sadler et al. 2002) has slightly higher space densities than our sources
and are shifted to higher radio powers. However, because the sources are cross-correlated
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with NVSS, 45′′ resolution (Condon et al. 1998a) detections, it is very likely that the radio
luminosities for the 2dFGRS sources (both SF and AGN) are overestimated, by contamina-
tion from large-scale, diffuse radio emission. On the other hand, our radio observations are
at least a factor 9 higher in resolution and so they naturally exclude diffuse, extended sources
– these are resolved out on scales smaller than 5′′.

Motivated by the slightly high values of <V/Vmax> for the 2dFGRS sample (Table 5.7),
we assume that some cosmological evolution has occurred in the 2dFGRS sources. In the
simple case of PLE, the radio power scales with (1+z)k, where 3< k <5 (Brown, Webster
& Boyle 2001). If we take k = 3.5 (Condon 1984) and consider an ‘average’ redshift of
z=0.2, then PLE implies a horizontal shift in radio power of 0.3 for the SF (Fig. 5.7a) and
AGN (Fig. 5.7b) 2dFGRS RLF. In the case of the SF 2dFGRS RLF (Fig. 5.7a) it can be seen
that space densities are quite discrepant – space densities decrease steeply with radio power.
The Palomar sources have a much shallower RLF, with space densities increasing to radio
luminosities beyond those for star-forming galaxies. On the other hand, the overall shape
of the Palomar RLF is similar to the RLF of the 2dFGRS sample for AGN (Fig. 5.7b). The
smooth transition from the AGN 2dFGRS RLF to the Palomar RLF suggests that these AGN
2dFGRS sources could be the more distant and powerful counterparts of the Palomar sources.

5.6.2 Local Black Hole Mass Density

A hypothetical relation between black hole mass and integrated radio power would be inter-
esting because radio power is an easy quantity to obtain. Such a correlation was investigated
by Nagar et al. (2002) for selected samples of nearby galaxies – for all galaxies in his sample
and for sources with mas-scale radio cores. The relations are, respectively:

log Mall
BH = 0.76 log P5 GHz − 6.95

log Mcores
BH = 0.87 log P5 GHz − 10.37

where we have converted the Nagar et al. (2002) 15 GHz values to 5 GHz assuming a spectral
index of 0.7. Black hole mass – radio power relations have been, however, largely contested
(Ho 2002; Woo & Urry 2002) and we here present just a possible estimate using our RLF.

On the basis of our inferred RLF, the above relations can be used to obtain the black
hole mass function and calculate the present day black hole mass density. The black hole
mass functions are shown in Fig. 5.8 for both relations, where the errors refer only to Poisson
statistical errors. As can be seen from the plot, the space density of black holes continues
to increase down to black hole masses MBH <108 M�. Multiplying the space densities by
the black hole mass bin and summing over all possible bins provides the total mass density
of black holes MBH >106 M� in galactic nuclei. For both Nagar et al. (2002) relations we
obtain:

ρall
BH = 2.4 × 106 M� Mpc−3

ρcores
BH = 1.1 × 105 M� Mpc−3

The shallower relation for all sources found by Nagar et al. (2002) predicts higher space
densities at any black hole mass value. As a consequence, the total mass density of black
holes is about an order of magnitude higher than that estimated from optical counts for QSOs
(1.4–2.2 × 105 M� Mpc−3; Chokshi & Turner 1992; see also Yu & Tremaine 2002). There
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are several possible scenarios to account for this discrepancy. The efficiency of mass-to-
energy conversion may be large (ε >0.2) or, for ε <

∼0.2 as observed in QSOs (e.g. Yu &
Tremaine 2002), the ‘seed’ black hole may have a non-negligible initial mass. It is also
possible that unknown populations of QSOs exist, that are affected by obscuration or are
simply intrinsically weaker; a significant fraction of the black hole mass at higher redshifts
may reside in a population of low radio power galaxies that are not included in QSO and
other high flux-limited surveys.

On the other hand, using the relation for mas-scale radio cores may be more realistic. The
calibration of the relation only includes galaxies with black hole-powered radio emission,
whereas the other relation most certainly includes contamination from stellar-powered radio
emitting regions. Furthermore, the sample contains lower radio power and also lower black
hole mass nearby galaxies, which makes this relation more suitably applied to our sample.
The resulting total black hole mass density is consistent with that found for optical counts of
bright QSOs as studied by Chokshi & Turner (1992). Thus, if we believe the correlation to
hold, the results suggest that a significant fraction of the high redshift QSO black hole mass
may reside in nearby Palomar-type galaxies; it is likely that bright QSOs are the progenitors
of local low luminosity AGN residing in the Palomar sources.

5.7 Conclusions

We have undertaken a MERLIN survey of nearby galaxies that did not have available 5′′ res-
olution or better radio observations. Results reveal an 11% radio detection rate among the
sources, with seven new AGN candidates. A compilation of radio observations of all low
luminosity Seyferts, LINERs and composite LINER/H II galaxies in the magnitude-limited
Palomar survey reveal a ∼50% radio detection rate, with a more than 40% detection rate for
low luminosity active nuclei. The optical magnitudes and radio powers of the sources in the
Palomar survey permit us to construct optical and radio luminosity functions. By comparing
the luminosity functions with those of selected high redshift sources and nearby galaxies, we
find that the Palomar sources are likely to be descendants of bright QSOs.
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5.A Radio Maps and Plots

We here present plots and radio emission contours of the sample sources. Contour levels are
CLEV × (−3, 3, 6, 12, 24, 48, 96, 192), where CLEV is the rms noise level (see Table 5.2).
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The size of the restoring beam in millarcseconds is given in parentheses after each object
name (see Table 5.2).
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CONT: NGC2768  IPOL  4994.000 MHZ  NGC2768.ICL001.1

Cont peak flux =  5.1744E-03 JY/BEAM 
Levs = 1.000E-04 * (-3, 3, 6, 12, 24, 48, 96, 192)
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CONT: NGC3226  IPOL  4994.000 MHZ  NGC3226.ICL001.1

Cont peak flux = -2.0901E-03 JY/BEAM 
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CONT: NGC3414  IPOL  4994.000 MHZ  NGC3414.ICL001.1

Cont peak flux =  1.6889E-03 JY/BEAM 
Levs = 9.600E-05 * (-3, 3, 6, 12, 24, 48, 96, 192)
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CONT: NGC3718  IPOL  4994.000 MHZ  NGC3718.ICL001.1

Cont peak flux =  2.6513E-03 JY/BEAM 
Levs = 1.200E-04 * (-3, 3, 6, 12, 24, 48, 96, 192)
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FIGURE 5.1— Radio emission contours of the sample sources. Crosses refer to the location of the
optical nucleus, when they are not coincident with the radio core. Contour levels are CLEV × (−3, 3,
6, 12, 24, 48, 96, 192), where CLEV is the rms noise level (see Table 5.2). The size of the restoring
beam in millarcseconds is given in parentheses after each object name (see Table 5.2). (a) NGC 2768
(130 × 68), (b) NGC 3226 (153 × 48) and (d) NGC 3414 (153 × 49), and (d) NGC 3718 (108 × 40).
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CONT: NGC3884  IPOL  4994.000 MHZ  NGC3884.ICL001.1

Cont peak flux =  1.4353E-03 JY/BEAM 
Levs = 8.400E-05 * (-3, 3, 6, 12, 24, 48, 96, 192)
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CONT: NGC4203  IPOL  4994.000 MHZ  NGC4203.ICL001.1

Cont peak flux =  3.1927E-03 JY/BEAM 
Levs = 8.500E-05 * (-3, 3, 6, 12, 24, 48, 96, 192)
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CONT: NGC5353  IPOL  4994.000 MHZ  NGC5353.ICL001.1

Cont peak flux =  1.4097E-02 JY/BEAM 
Levs = 1.300E-04 * (-3, 3, 6, 12, 24, 48, 96, 192)

D
E

C
L

IN
A

T
IO

N
 (

J2
00

0)

RIGHT ASCENSION (J2000)
13 53 26.73 26.72 26.71 26.70 26.69 26.68 26.67 26.66 26.65

40 16 59.3

59.2

59.1

59.0

58.9

58.8

58.7

58.6

58.5

(c)

FIGURE 5.2— As in Figure 5.1. (a) NGC 3884 (85 × 58), (b) NGC 4203 (126 × 46) and (c) NGC 5353
(73 × 43).
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(a)

(b)

FIGURE 5.3— The optical luminosity function for the Palomar sample sources: (a) Seyferts, LINERs
and composite galaxies and (b) Type 1 and Type 2 sources. Downward arrows are for bins with only
one galaxy. Errorbars are assigned assuming Poisson statistics.
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(a)

(b)

FIGURE 5.4— The radio luminosity function for the Palomar sample sources: (a) Seyferts, LINERs
and composite galaxies and (b) Type 1 and Type 2 sources. Downward arrows are for bins with only
one galaxy. Errorbars are assigned assuming Poisson statistics.
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(a)
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FIGURE 5.5— (a) The optical luminosity function for the Palomar and 2dFGRS sample (z = 0; Nor-
berg et al. 2002) and (b) the nuclear optical luminosity function for the Palomar and 2QZ+LBQS
sample (Boyle et al. 2000). Downward arrows are for bins with only one galaxy. Errorbars are assigned
assuming Poisson statistics. The dashed line is the power law fit to the Palomar data. The solid curve
shows the expected space densities of the 2QZ+LBQS sample at z=0, assuming PLE.
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(a)

(b)

FIGURE 5.6— (a) The radio luminosity function for the Palomar and E/S0 sample (Sadler et al. 1989)
and (b) the Palomar and 2dFGRS sample (Sadler et al. 2002). Downward arrows are for bins with only
one galaxy. Errorbars are assigned assuming Poisson statistics.
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FIGURE 5.7— (a) The radio luminosity function for the Palomar and SF 2dFGRS sample (Sadler et al.
2002) and (b) the Palomar and AGN 2dFGRS sample (Sadler et al. 2002). The solid curves show the
expected space densities of the 2dFGRS sample at z=0, assuming PLE.
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FIGURE 5.8— The local black hole mass density function. Downward arrows are for bins with only
one galaxy. Errorbars are assigned assuming Poisson statistics.




