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CHAPTER I. INTRODUCTION AND SYNOPSIS

1. Seyfert galaxies.

1.1. Definition and tvj>es.

The galaxies that are observed in the universe show a variety of forms,

ranging from apparently rather dull elliptical systems, via flat systems

in which spiral patterns are seen in the light distribution, to very

irregular objects. In the past two decades galaxies have been studied in

increasing detail, and the observations were extended to other regimes

of the spectrum besides the optical region. Different components of

galaxies were recognized, of which the galactic nuclei deserve special

interest here. Many such nuclei appeared to be very prominent constituents

in certain categories of galaxies, observed at various frequencies.

The discovery of strong radio emission associated with the centres of

elliptical galaxies played an important role in turning general interest

towards the study of galactic nuclei. At that time (the end of the 1950's)

also more attention was given to an investigation by Seyfert (1943) of a

few spiral galaxies with small, very bright nuclei that show emission

line spectra. The emission lines of these galaxies appeared to be very

broad, with Doppler widths of the order of 10 km s . Galaxies with

such broad emission lines are now called Seyfert galaxies.

The bright starlike nuclei sometimes form an explicit, photometric element

in the definition of Seyfert galaxies. As there are also galaxies with bright

nuclei whose spectra show narrow emission lines, we use here the spectros-

copie definition which is rather generally accepted. Implicitly, this photo-

metric criterion discriminates between the Seyfert galaxies and the quasars,

which can be spectroscopically very similar. A study by De Ruiter (1978) showed

convincingly that, for certain combinations of redshift and magnitude difference

between nucleus and underlying galaxy, the classification of the object as a

galaxy or a quasar is determined by the plate scale.

The Seyfert galaxies satisfy the original definition of N-galaxies According

to Morgan (1958) these are stellar systems having "small brilliant nuclei super-

posed on a considerably fainter background". This definition was sharpened

subsequently by Matthews, Morgan and Schmidt (1964) to systems in which the

nucleus contributes most of the luminosity of the galaxy. It is often applied to

compact radio galaxies with such nuclei. Radio galaxies that in recent

years were found to have Seyfert-like spectra received names like

broad-line and narrow-line galaxy.



Weedman (1977) discusses the operational definition of Seyfert galaxies

in a comprehensive review on these objects. The subject is also nicely

summarized in Weedman (1979). The optical spectra of Seyferts and radio

galaxies are described by Osterbrock (1979).

Among the Seyferts, two types have been recognized. The type 1's show

the very broad lines that are so characteristic for these objects. The

widths are of the order of (several times) 10 km s , and involve the

permitted (hydrogen) lines. The forbidden lines are narrower, showing

widths of 400 - 800 km s .In the spectra of the type 2's both permitted

and forbidden lines have widths of 400 - 800 km s . Galaxies with emission

line widths smaller than about 400 km s are then called narrow emission

line galaxies. There is not a sharp boundary between type 2 Seyferts and

narrow emission line galaxies, although Shuder and Osterbrock (1982) find

a better distinction between these galaxies when they use line ratio

criteria as well.

Much valuable information on Seyfert galaxies and related objects, on

observations as well as on interpretations and theories, is found in the

conference proceedings edited by Ulfbeck (1978) and Hazard and Mitton (1979).

1.2. Sources of Seyfert galaxies.

The Seyfert galaxies and also many narrow emission line galaxies have

UV excess in comparison with normal galaxies. Because of this property,

the objective prism survey for galaxies with UV excess, conducted by

B.E. Markarian at the Byurakan Observatory (references in chapter IV.2.1)

provided a large number of emission line galaxies. This material proved

to be a rich source of Seyfert galaxies. About two-third of this survey,

that comprises in total 1400 objects, has been further investigated

spectroscopically, resulting in about 100 Seyferts.

There are some other well-known categories in which Seyfert galaxies occur:

Arakelian galaxies, Zwicky compact galaxies, Tololo galaxies (see references

in Weedman 1977). In recent years a number of Seyferts has been found after

their discovery as an X-ray source.

1.3. Observations_of_Seyfert_galaxies.

In addition to the general references cited in § 1.1, we mention in this

section some useful collections of observational data, partly published

after those general references.
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It has been noted that the classical NGC-Seyferts are ail spiral galaxies

(this is not very clear in the case of NGC 1275, but its classification as

Seyfert is not clear either). An ir ige-tube survey of a large number of

Seyferts (Adams 1977), generally much further away than the NGC Seyferts,

showed most of them to be spiral galaxies as well.

It would be interesting to have photometric data (optically), pertaining

really to the nuclear region of the Seyferts. Attempts have been made to

obtain JBV data observing photo-electrically with small apertures (Weedman

1973), or employing short-exposure photographs (Véron 1979). Such data

include as yet only a rather small part of ail (Ma:karian) Seyferts.

Spectroscopy of Seyfert galaxies was already mentioned in § 1.1. Much

information on the spectral energy distribution is contained in the absolute

spectrophotometry of De Bruyn and Sargent (1978). A number of IR fluxes

are given by Rieke (1978).

Compared with normal spiral galaxies, the Seyfert galaxies are strong

radio emitters. This is discussed extensively in chapter IV of this thesis,

based on observations with the Westerbork Synthesis Radio Telescope (WSRT).

Many aspects of their radio properties are discussed by De Bruyn rad Wilson

(1978). The observational programs that presently are conducted at the VLA

reach a much higher resolution than was achieved with the WSRT. The \ ̂ A.

observations offer the possibility to explore the central regions of Seyferts

in considerable detail. Prominent among the VLA results, aptly summarized

by Wilson (1982), is the occurrence of small-scale (kpc or less) double-lobed

or jetlike structures.

A number of Seyferts was detected in X-ray radiation with the Ariel V and

Uhuru satellites. A review by Wilson (1979) cf this material contains a

wealth of information on the continuous spectra of these galaxies. The

Einstein satellite further increased the number of detections (Kriss et

al. 1980).

1.4. Natureof th

The possible nature of the nuclei of Seyfert galaxies has led to many

theories and speculations. The role of a compact object in the very nucleus

of these galaxies is generally accepted. The favourite identification for

this object is a massive black hole, because it can convert mass with high

efficiency into enormous amounts of energy. The fuel that is needed for this

central engine is provided by stars and/or gas. Near this very nucleus,

within 1 pc, the broad wings of the permitted lines in type 1 Seyferts

1 I



are thought to be formed in a region with dense gas. The narrow line region
2 3

is of the order of 10 - 10 pc, presumably the same region with much less

dense gas where the radio emission steins from (De Bruyn and Wilson 1978).

Relevant information on these interpretations of the Seyfert phenomenon is

given in the general references cited in § 1.1, but see especially

Rees (1977).

1.5. The

The activity in the nuclei of Seyfert galaxies - mainly the type l's -

has much in common with the phenomena observed in quasars. Such similarities

have been used to argue for a continuity between Seyferts and quasars;

Weedman (1976) has written a readable story on this subject. A number of

observations pertaining to the relation between quasars and galaxies in

general are summarized by Woltjer and Setti (1982). The relation of Seyferts

to galaxies is obvious, in the sense that they are galaxies by definition.

It is much lass clear which galaxies may give rise to Seyfert nuclei, or

which external circumstances, if any, are of importance in this respect.There

are, for example, indications for an excess of multiple systems among the

Seyfert galaxies, but this can not likely account for all Seyferts.

The probable connection between galaxies and quasars can be studied in a

general way (Rowan-Robinson 1977) to find that spiral galaxies, Seyferts

and optically selected quasars may be related, and also elliptical galaxies,

radio galaxies and both radio and optically selected quasars. The BL Lacertae

objects are also related to the elliptical galaxies. Grueff and Vigotti

(1977) inferred an evolutionary connection between radio quasars and radio

galaxies from the properties of a sample of radio sources with optical

identifications, as function of their redshifts. (For BL Lacs, see Wolfe 1978).

2. Contents of this thesis.

2.1. A_radio_survey_.

A large sample of Seyfert galaxies, many of which are Markarian galaxies,

has been observed with the WSRT in X 21 ctu continuum radiation. The results,

Papers 2 and 3 of this Westerbork Seyfert survey, are presented in chapter III.

The number of radio detected Seyferts has now increased considerably.

In chapter II a number of accurate optical positions are given that were

needed to identify radio sources with the Seyfert galaxies observed.

12



2.2. Luminosity functions.

Chapter IV is devoted to an analysis of the radio data obtained with the

Westerbork telescope. Optical and radio luminosity functions of Seyfert

galaxies are derived. The results are compared with such functions for

other categories of objects that may be related to these galaxies. The

discussions focus on the possible connections between normal galaxies,

Seyferts, and optically selected quasars.

2.3. Related_objects.

In chapter V three investigations are reported on individual objects that

are related to Seyfert galaxies. These papers concern various problems

discussed in the preceding chapters.

In chaptet. V.I WSRT observations of four bright, optically selected quasars

are presented. These objects are of particular interest in the discussions

in chapter IV.

Chapter V.2 concerns the identification of an X-ray discovered BL Lacertae

object. Its radio emission is on a rauch lower level than for other BL Lacs.

Perhaps it is a radio-quiet object in this class, suggesting a comparable

difference in radio emission for BL Lacs as is known for quasars.

In chapter V.3 photo-electric photometry for the Seyfert galaxy NGC 1566

is reported. Besides a monitoring programme, multi-aperture photometry

is described. The latter subject is also encountered at various places in

chapter IV.

13
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CHAPTER II. OPTICAL POSITIONS OF SEYFERT GALAXIES

1. Introduction

In order to actually identify one of the radio sources

in a field observed in the WSRT Seyfert survey (next chapter)

with the programme galaxy, it is necessary to have accurate

optical positions for these Seyfert galaxies. The objects

stem mostly from the lists of galaxies prepared by Markarian

(references in § 2.1 of chapter IV) and Arakelian (1975).

The positions given in these lists have accuracies of the

order of an arc minute in both coordinates (RA and Dec).

In a number of cases the errors appear to be as large as

several arc minutes (Peterson 1973).

Such position errors frequently prevent unambiguous

identifications to be raade when observing with the sensitivity

and resolving power of the WSRT. In fact, in the course of

the WSRT Seyfert survey there were fields with programme

galaxies whose catalogue positions had errors of several

arc minutes. This would in some cases have led to four or

five possible identifications with radio sources near that

position. In view of the positional accuracy achieved with

the WSRT in this survey, of the order of arc seconds,clearly

optical positions accurate to a few arc seconds are needed.

The first extensive list with accurate optical positions

of Markarian galaxies (r.m.s. errors of 5 and 7 arc seconds

in RA and Dec, respectively) was published by Peterson (1973),

containing all the galaxies in the first five Markarian

lists. Wilson and Meurs (1978, section 2 of this chapter)

prepared a list specifically for Seyfert galaxies with optical

positions accurate to a few arc seconds or better. Subsequently,

very accurate optical positions were published by Clements

(1981) for many Seyfert galaxies (accuracies of the order of

0.1 arc second in both coordinates). These last two papers

contain Markarian and Arakelian galaxies as well as galaxies

15
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Mark
it

it

i i

it

i t

II

Arak

nrs.
it

II

II

II

t i

t i

nrs.

1- 507
508- 700

701- 797

798-1095

701-1095
1096-1302

1096-1399

1- 591

with other designations.

Presently there are listings with optical positions

accurate to a few arc seconds for the Markarian galaxies

in general, and for the Arakelian galaxies as well:

Peterson (1973)

Kojoian et al. (1978)

Foltz et al. (1980)

Kojoian et al. (1981a)

Tovmassian et al. (198O)

Kojoian et al. '1981b)

Joshi and Kandalian ( 1981),

accuracies better than 1 arcsec

Kojoian et al. (1981c)

Frequently, Markarian and Arakelian galaxies occur in tbp

extensive listing of optical positions for UGC galaxies

measured by Dressel and Condon (1976).

The first part of the WSRT Seyfert survey (De Bruyn and

Wilson 1976) concerns mainly galaxies from Markarian's first

four lists, for which positions were given by Peterson (1973).

Subsequent parts of this survey (Meurs and Wilson 1981,

chapter 111.1; Wilson and Meurs 1982, chapter 111.2) contained

Markarian galaxies from later lists and also Arakelian galaxies.

The best positions for these objects were usually found in

Wilson and Meurs (1978) and Clements (1981), or were measured

by us at the time the observations were reduced. These

measurements are reported in section 3 of this chapter.

References for this section at the end of section 3 of this

chapter.
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I I . 2. ACCURATE OPTICAL POSITIONS OF SEYFERT GALAXIES

A.S. WILSON
Astronomy Centre, University of Sussex. Falmer

United Kingdom
and

E.J.A. MEURS
Sterrewacht. Huygens Laboratorium, Leiden

The Netherlands

Received August 22,1977

Optical'positions of all presently known Seyfert galaxies are given to an accuracy of a few arc seconds or better. Included are new
measurements of 33 galaxies with errors - ±0.5 arcsec.

Key words: Seyfert gala\ies - optical positions

1. INTRODUCTION

We are currently using the Westerbork Synthesis Radio Telescope in a survey for radio emission from
all Seyfert galaxies at accessible declinations (Meurs and Wilson, in preparation). This programme represents
a continuation of the survey of 43 galaxies by de Bruyn and Wilson (1976). Since the accuracy of the radio
positions is generally about 1 or 2 arcsec, a similar accuracy is required 'of optical positions to enable
reliable association of the radio source with the Seyfert galaxy. However, for many of the Seyfert galaxies
listed by Weedman (1977), second of arc optical positions were not available, so we have measured positions
for 33 galaxies to an accuracy of about ±0.5 arcsec. For the sake of completeness, we give in table 1
optical positions, accurate to a few seconds of arc or better, of all Seyfert galaxies currently known to us by
including measurements by other workers as well as our own.

2. MEASUREMENTS AND RESULTS

The new positions were determined from the Palomar Sky Survey prints and the ESO (B) Survey negatives
by means of the "Coradograph" measuring machine of the Royal Greenwich Observatory (RGO). The
procedure involved measurement of the galaxy along with 6 nearby AGK3 reference stars in the sequence
galaxy-reference stars-galaxy-reference stars-galaxy. The individual measurements of the stars and the galaxy
were then averaged and right ascension and declination computed using the RGO astrometric programme,
whose method of reduction is described in Appendix I of Murray, Tucker and Clements (1971). From the
residuals of the reference star positions, the programme computes a "confidence ellipse" the size of which
gives an estimate of the positional error. This value is typically ±0.5 arcsec and is representative of the error
in both R.A. and Dec. for galaxies with a small, symmetric image. For galaxies with overexposed or
asymmetric nuclei, the errors are larger but less than a few seconds of arc.

An independent check of the results is afforded by a comparison of our positions with measurements
by E.D. Clements in the RGO astrometric programme, which employs specially obtained plates from
the 13 inch and 26 inch refractors at Herstmonceux, and whose accuracy is expected to be better than our
own. For the two galaxies (IZwI and llZw!36) in common to the two projects, the differences between the
measurements for each coordinate are +0.06, —0.08, +0.77 and +0.07 arcsec. Although the galaxies in the
overlap are too few for any detailed discussion, these results broadly confirm the above estimate of our
errors.

Positions of the other Seyfert galaxies have been taken from Véron (1966), Bolton (1968), Gallouèt and
Heidmann (1971), Argue and Kenworthy (1972), Barbieri et al. (1972), Gallouet, Heidmann and Dampierre
(1973, 1975), Wills et al. (1973), Peterson (1973), de Bruyn and Willis (1974), Hargrave and McEllin (1975),

17



r A.S. Wils-on and E.J.A. Meurs

Véron and Véron (1975, 1977), de Bruyn and Wilson (1976). Dressel and Condon (1976) and Véron et al.
(1976). The positions listed by Peterson (1973) are systematically in error with respect to both radio
(de Bruyn and Wilson 1976) and other optical measurements (Dressel and Condon 1976). Dressel and Condon
find the bias to be —3 arcsec in each coordinate i.e. Peterson's positions are systematically to the south-west
of those of Gallouët and Heidmann (1971) and Gallouët, Heidmann and Dampierre (1973). We have, therefore,
corrected Peterson's (1973) positions for this bias.

The positions are listed in order of right ascension in table 1. which contains all Seyfert galaxies listed
by Weedman (1977) plus MCG8-11-11 (Ward et al. 1977). Mark 573 (Koski 1977). T1351--375 (Penston
et al 1977), ESO 113-IG45, ESO 141-G55 and MCG-2-58-22 (Ward et al. 1978). The first column gives the
name of the galaxy, the second the right ascension (1950.0). the third the declination (1950.0) and the fourth
the reference for the position in a code explained at the bottom of the table. Also given with each code is
an estimate of the positional error as given in the reference.

Tabie 2 lists the positions of eight other galaxies which we have measured. They were determined either
because they lie nearby to a Seyfert galaxy or because they are emission line objects whose radio emission
is also under study.
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Accurate Optical Positions of Seyfert Galaxies

Table I Optical positions of Seyfert galaxies

Name

Hark 335

IIIZw2

ZwOO39+4OO3

Hark 348

IZwl

Hark 352

To0109-383

Mark 1 '

I IZwl

ESO113-IG45

Hark 358

Mark 573

4C29.6

Mark 590

Arak 81

NGC 935

NGC 1O68

Mark 372

Mar. 609

NGC 1566

3C 12O

Mark 618

Arak 120

KCG8-11-11

Mark 3

Mark 6

Hark 374

Hark 376

Hark 9

Mark 7B

Mark 79

Mark 1O

Mark 382

Mark 110

ZWO934+O12O

3C227

Mark 124

Arak 22 3

Mark 141

Hark 142

Hark 34

2(19500)
h in s

OO 03 45.3

00 07 56.73

00 39 32.31

OO 46 O4.8B

00 50 5 7.82

00 57 08 .8

Ol 09 09.76

01 13 19.7

Ol 19 26.54

01 21 51.16

01 23 45.3

01 41 22.93

02 O4 08 . BI

02 11 59.9

02 20 20. B8

02 32 10.46

O2 4O 07.O

02 46 31.1

03 22 57.27

04 18 53. 3

04 30 31.46

04 33 59.95

05 13 37.88

05 51 09.9

06 O9 48.24

06 45 43.89

06 SS 34.2

07 10 36.1

07 32 42.4

O7 37 56.4

07 38 47.2

07 43 O7.a

07 52 03 .5

09 21 44.7

O9 34 26.45

09 45 O6.48

09 45 24 .6

09 54 42.82

1O 15 39 .2

1O 22 2 3 .4

10 30 52 .6

ft (11500)

+19 55 30

+10 41 47.0

+40 03 10.1

+31 41 04 .3

+12 25 19.9

+11 33 30

-38 20 56.0

+32 49 36

-01 18 05.5

*59 03 5B.2

+31 21 16

+O2 OS 56.7

+29 16 31.3

-01 00 05

+31 57 44.0

-O9 OO 21.2

-OO 13 31.1

+19 OS 57

-06 19 09 2

-55 O3 23

+05 15 01 .0

-10 26 36.4

-00 12 15.8

+46 25 55

+71 O3 10.8

+74 29 09.5

+54 15 56

+45 4? 10

+58 53 03

+65 17 46

+49 55 5O

+61 03 26

+39 19 1O

+52 3D 17

4O1 19 14.2

+O7 39 17.7

+50 43 29

+O7 25 3C.9

+64 13 1?

+51 55 43

+60 1? 23

Reference-.

P

HH

WH

W 2

WM

P

HM, E x t

P

WM

WM

P

KM

WM

DC

WM, E x t

WM

B

P

HH

HM, E x t .

B

WH

WH

DC

SC2

WAG

P

P

P

P

P

P

P

P

WM

WWD

P

WM,Ext

P

P

WM

P

AK = Argue and Kenworthy( 1972). Standard errors are +0KH4 in R.A..
+ 0.12 arcsec in Dec.

B = Bolton (1968). Errors from ±0.3 to +0.8 arcsec in each coordinate.
BCGP = Barbieri el al. (1972). Standard errors are OTO in R.A. and

0.4 arcsec in Dec.
C = Clements quoted in Hargrave and McEllin (1975). Error +0Ï07 in

R.A., +0.2 arcsec in Dec.
DC = Dressel and Condon (1976). r.m.s. errors 4 arcsec in each coordinate.
GHI = Gallouët and Heidmann (1971). Mean error 3.S arcsec in each

coordinate.
GHD2 = Gallouët, Heidmann and Dampicrre (1973). Mean error about

4 arcsec in each coordinate.
GH 3 = Gallouët, Heidmann and Dampierre (1975). Mean error about

4 arcsec in each coordinate.
P = Peterson (1973) corrected for bias of 3 arcsec in each coordinate

(see text), r.m.s. errors 5 and 7 arcsec in R.A. and Dec. respectively.

Name

Arak 253

NGC 3516

Hark 40

Hark 176

NGC 3783

Hark 42

NGC 4051

NGC 4151

K*rk 50

NGC 4507

Hark 231

X Comae

Hark 236

3C 287 .1

Hark 268

Hark 270

Hark 69

TO1351-375

Hark 279

Mark 463

Mark 464

NGC 5548

Hark 474

Hark 478

4C 35.37

Mark' 290

Mark 486

Mark 291

Mark 504

Hark SO6

3C 390 .3

NGC 6764

BSO 141-G55

NGc 6S14

Mark 509

IIZW136

Mark 304

NGC 7469

Mark 315

HCG-2-58-J2

NGC 7603

Hark 541

h in •>

10 41 19.20

11 03 22.8

11 22 4B.4

11 29 54.3

11 36 33.00

11 51 05.fi

12 OO 36.1

12 OB OO.4

12 2O 51.1

12 32 54.52

12 54 05 .4

12 57 57.71

12 58 18.4

13 30 20.46

13 38 54.4

13 39 41.2

13 43 51.5

13 51 17.31

13 51 52.5

13 53 39.71

13 53 45.4

14 15 43.7

14 33 06 .3

14 40 04 .8

15 31 45.24

15 34 45. fl

IS 35 21. B

15 52 54.3

16 59 10.6

17 20 45.a

18 45 37.58

19 07 01 .5

19 16 56.99

19 39 S5.4

2O 41 26.25

21 3O 01.22

22 14 45.4

23 00 44.5

23 01 35.B

23 O2 07.16

23 16 32.6

23 S3 26.36

-01 01 54.9

+72 50 24

+54 39 29

+53 13 30

-37 27 40.9

+46 29 23

+44 4B 44

•39 41 02

+O2 57 2 3

-39 38 02 .0

+57 08 40

+28 40 11.0

+61 55 30

+O2 16 O9.O

+30 37 50

+67 55 36

+29 53 06

-37 31 50.9

+69 33 16

+18 36 57.8

+38 48 57

•25 21 59

+48 52 50

+35 38 56

+35 54 21.6

+58 04 O3

+54 43 07

+19 20 23

+29 28 50

+30 55 33

+79 4 3 06.5

+50 51 O6

-58 45 51.9

-10 26 37

-1O 54 17.4

+O9 55 Ol.O

+13 59 30

+O8 36 IB

+22 21 13

-08 57 19.4

-OO Ol 39

*O? 14 40 .7

References

WH

Mean o f DC • GHD2

P

P

WM, E x t

P

Mean o f DC ft GHD2

Mean o f DC * GHD2

p

WH, E x t

P

WH

p

V

p

p

p

WM

P

WM,Ext

P

Mean o f DC * GUI

p

P

WM

P

P

P

1
P

P

C

Mean o f DC t GHD2

WK

GHD3

WH

WM

P

Mean o f DC • GHI

P

WM, E x t

DC

i
SCI = Schoenmaker quoted in de Bruyn and Willis (1974). Error about

±0.5 arcsec in each coordinate.
SC2 = Schoenmaker quoted in de Bruyn and Wilson (1976). Error

about 1 arcsec in each coordinate.
V = Véron (1966). Standard errors are of the order of 1.0 arcsec in each

coordinate.
VV1 = Véron and Véron (1975). Errors in the range 0.5-O.6 arcsec in each

coordinate.
VV2 = Véron and Véron (1977). r.m.s. errors are 0.4 0.5 arcsec in each

coordinate.
V V AG = Véron el al. (1976). r.m.s. errors are 0.5 arcsec in each coordinate.
WM = This paper. Error typically ±0.5 arcsec in each coordinate.
WM, Ext = As WM, but the image of the galaxy is large or asymmetric

so the errors are typically a Tew arcscc.
WWD = Wills era/. (1973). r.m.s. errors are ±0»3 in R.A.. +0.5 arcsec

in Dec.
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Table 2 Opiical positions of other galaxies

Name

Arak 80

Mart 610

II1ZW55 (NGC1410)

Ton 524b

T1O32-283

T1O38-29O

IZW81

Kjrk 700

ll

02

0 3

0 3

10

1O

10

14

17

7 | NSOCII
m \

20 23.91

23 03.33

38 38.01

28 45.99

32 18.30

3B 1O.O9

06 20.36

01 21.53

S

+31

- 0 6

- 0 1

+29

- 2 8

- 2 9

+49

+31

58

18

27

03

19

OO

OS

31

.0)

14.1

14.2

43.6

33.7

28.0

29.3

56.2

37.5

Rck-rcnccs

WM, Ext

KM

WM, Ext

WM

WM, Ext

WM

hM

KM

For referencing code see below table 1.

Errata.

Two mistakes have showed up since publication of this article, explained
in chapters III.l and III.2, respectively:
1) the positions of Arak 81 and Arak 80 have been interchanged;
2) the NGC designations pertaining to IIIZW55 have been interchanged.
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3. Further measurements

For several programme galaxies in the WSRT Seyfert survey,

accurate optical positions were not yet available when the

radio observations were reduced. Comments on the selection

of these galaxies (which are listed in table 3 of this

chapter) and their Seyfert status are given in Meurs and

Wilson (1981). Positions for these objects were measured

from the O-plates of the Palomar Sky Survey with the measuring

machine of the Leiden Observatory (cf. Willis and De Ruiter

1977).

Usually, each galaxy was measured along with six nearby

AGK2 stars. The reference stars near NGC3081 (southern

hemisphere) were taken from the Yale Zone catalogues. The

measurements were performed in a sequence galaxy-reference

stars-galaxy-reference stars (in reversed order)-galaxy. The

individual measurements of the galaxy and the stars were

subsequently averaged. A first order polynomial was then

fitted to the reference star measurements in order to obtain

plate constants (Willis and De Ruiter 1977). The mean errors

of these fits (cf. Brosch 1982) were usually smaller than

1 arcsec in RA and Dec. The accuracy achieved in our measurements

is discussed further below.

The input of AGK2 and Yale catalogues in this

measurement and reduction procedure does not allow to account

for proper motions of the reference stars. These are, however,

of importance as there is usually a difference in epoch

between the PSS plates and the catalogue that is used.

Therefore we chose for each galaxy six nearby stars with

comparable proper motions, using the pertinent data in the

AGK3 catalogue. Precession corrections were applied anyway.

Having found the plate constants, the positions of the

galaxies were calculated. The results are presented in table

3. The determination of these positions was partly superseded

by the publication of very accurate optical positions for

Seyfert galaxies by Clements (1981). His positions, with

errors of the order of 0.1 arc second in both coordinates,

provide an independent check on the accuracy of our measurements.
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TapIe 3. Optical positions of Seyfert galaxies (for epoch 1950,0)

Galaxy name

Mark 1*61*

10k

705

716

T3*

739
766

771

783

789

813

817

8M
81» 5

8h9

877

883

Arak 3**7

56U
NGC 3081

T 2327-027

Right

h

13 53

09 15

09 23

10 07
11 19

11 33

12 15

12 29

13 00

13 29

U 25
lit 3k

15 01

15 06

15 17

16 17

16 27

12 01

22 1*0

09 57

23 27

Ascension

m s

k5.k9

39.37

19.99

27.1*9

10.91

52.38

55.82

33.13

30.37

55.1*7

05.70

58.01

36.33

12.56

50.78

56.55
1*7.11

56.26

18.33

09.96

58.03

Declination

0 • "

+ 38 1*9 08.2

+ 16 31 00.0

+ 12 57 0U,8

+ 23 21 18.7

+ 12 00 1*6.1

+ 21 52 22.k

+ 30 05 25.1*

+ 20 26 02.6

+ 16 uo 31*.1

+ 11 21 1*1*.6

+ 20 03 16.7

+ 59 00 37.8

+ 10 37 55.6

+ 51 38 37.0

+ 28 1*5 23.1*

+ 17 31 35.0

+ 2k 33 06.7

+ 20 35 .1*1.5

+ 29 27 U7.6

- 22 35 10.5

- 02 kk 19.7

Notes

C

C

C

1

C

C, 3

C

C

c
1

1

c
c
1

1

1

1

c
c, 1

2

2

Notes to table 3. C: also in Clements (1981); 1: used in Meurs
and Wilson (1981); 2: used in Wilson and Meurs (1982); 3: compared
with the NW object of Clements (1981) in figure 1.
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For 13 of the 21 galaxies in table 3, positions are

given by Clements; this is indicated in the Notes column

in the table. The differences in both coordinates between

our results and Clements' positions (in the sense our result

minus Clements' position) are shown in figure 1, binned in

O.k arc second intervals. Taking the very accurate positions

of Clements as a reference» it is seen that by far the

majority of our position determinations is in error by less

than 1 arc second.

-

I

r -

1

RA

i

-1.2 -8 -.4 0 .4 .8 1.2 1.6 2.0 2.4"

b

4

3

o

1

-

-1.2 -.8 -.'

Dec

1 1 1

• 0 l 12 1.6
i

2.0
i

2.4

Figure 1.

Position differences in
the sense our results
minus Clements (1981),
for both RA and Dec.
Abcissae: position
differences in arc seconds,
binned in O.k arcsec
intervals. Ordinates:number
of differences in each bin.

Assuming these differences to have a Gaussian distribution

around zero yields standard deviations of 0.8 arc second in

both HA and Dec. Allowing for a possible systematic difference

in Dec between both sets of measurements decreases the

standard deviation in this coordinate to 0.7 arc second. The

largest positive difference in RA might have been caused by

a wrong setting or yet by proper motions of reference stars;

leaving this one out would decrease the standard deviation

in RA to 0.5 arc second .
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Some improvement on these results may still be expected

by including proper motion data, but positions with an

accuracy of 1 arc second or better are quite sufficient for

the WSRT Seyfert survey reported in ne't chapter.
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CHAPTER III. A RADIO SURVEY OF SEYFERT GALAXIES

III.l.

A 1415 MHz Survey of Seyfert and Related Galaxies — II
' E. J. A. Meurs (*) and A. S. Wilson (*) (*•) (***)

(•) Sterrewacht Leiden, Huygens Laboratorium, Wassenaarseweg 78, 2300 RA Leiden, The Netherlands.
(**) Astronomy Centre, University of Sussex, Falmer, Brighton BN1 9QH, Sussex, England.
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Summary. — We present the second installment of a high sensitivity survey with the Westerbork telescope for radio
continuum emission at 1415 MHz from Seyfert and related galaxies. 36 Seyferts, 10 possibly Seyfert-related, and 4 other
galaxies, all wilh declination 5 > + 10°, have been observed to a flux density limit (3 a) of about 3 mJy. 21 (58 %) of the
Seyfens, 7 (70 %) of the possibly Seyfert-related and 3 (75 %) of the other galaxies were detected. Several galaxies are exten-
ded and contour maps with resolution 23 x 23 cosec 5 arc sec are presented for Mark 506, 700, 871, Arak 42, NGC 6764,
MCG 8-11-11, 4C29.6 and 4C35.37. With the exception of 4C29.6 and 4C35.37, no linear polarization is found in the
detected galaxies.

Key words : radio emission — Seyfert galaxies — active galaxies — Markarian galaxies.

1. Introduction. — In an earlier paper (de Bruyn and
Wilson, 1976, hereafter Paper 1), a sensitive survey in
A21 cm continuum radiation of Seyfert and related
galaxies with the Westerbork Synthesis Radio Telescope
(WSRT) was presented. The sample comprised all
galaxies in the first 4 lists of Markarian which had been
shown to possess Seyfert characteristics and a number of
galaxies with intense sharp emission lines that were
known to be luminous sources at 10 ji. 22 of the 43 Sey-
ferts and 9 of the 14 sharp emission line galaxies were
detected above a flux density limit of 4 mJy ('). A dis-
cussion of the results and implications of this survey was
given in a subsequent paper (de Bruyn and Wilson,
1978).

In order to provide a larger sample for correlation of
the rad o properties of Seyfert galaxies with those in
other wavebands, for derivation of their radio lumin-
osity function and for use in selection of galaxies for
higher resolution radio mapping, we have continued this
survey to include all known Seyfert galaxies with decli-
nations accessible to the Westerbork telescope. In the
present paper we give our results on 36 Seyferts and 14
possible, unconfirmed or non-Seyfert galaxies with decli-
nations 5 > + 10°. Paper HI will contain the galaxies
in the declination range - 30° < 5 < + 10°. Informa-
tion on the observations and reduction procedure is
given in section 2, while section 3 explains how the
galaxies were selected. The results are collected as much
as possible in tabular form in section 4, with contour
maps and fringe visibility curves for some extended
sources. Comments on individual sources are usually
given as notes to the tables and figures.

(') I mJy = lO- 'Wm -' Hz '.

2. Observational Procedure. — The WSRT and the
mode of data reduction have been described elsewhere
(Högbom and Brouw, 1974 ; Baars and Hooghoudt,
1974 ; van Someren Gréve, 1974). Broadly speaking we
have followed the procedures outlined in Paper 1 (to
which the reader is referred for further details) and men-
tion here only some differences and refinements
employed in the present work. The observations were
performed mainly in spring/summer 1977 and spring
1978. Inbetween these two observing periods, a major
change in the telescope system was effected. New re-
ceivers of improved sensitivity were installed, the band-
width was enlarged along with a slight shift in central
frequency, the analog backend was replaced by a digital
one and two new moveable antennas were added, increa-
sing the number of interferometers from 20 to 40. These
changes are represented by the instrumental parameters
given in table I and we discriminate between these two
states of the WSRT by the terms « old » and « new » system.
All old system observations were made with the dipoles
in their usual orientations i.e. the two feeds at the focus
of any given antenna were mutually perpendicular but at
45°/135° to the feeds of the antennas with which its
output was correlated. Maps of the linear and circular
polarization distributions were then made using the tech-
nique described by Weiler (1973). Most new system
observations were also effected with the two feeds in
any antenna mutually perpendicular but at 0°/90° to
those in the other antenna of the interferometer pair.
We have not used these latter data to derive polarization
properties, although this information is, in principle,
available.

The programme galaxies were observed at five well spa-
ced hour angles (generally near - 4*8, - 2lf4, o \ + 2?4,
+ 4i«). bach separate observation lasted 24 mins.,
so the total integration time on any source was 2h. This
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coverage of the u-v plane permitted the brightness distri-
bution of the few extended sources in our sample to be
reconstructed satisfactorily by means of the CLEAN algo-
rithm (Högbom, 1974). The galaxies are listed, along with
the appropriate instrumental configuration, in table i.
Some aspects of the data processing are given in
section 4.2.

3. Programme Galaxies. — Most of our programme
galaxies were selected from the lists of Weedman (1977,
1978). Subsequent optical spectroscopy did not confirm
the Seyfert nature of three of our galaxies from these lists
— Arak 42, 81 and Mark 700 (Weedman, 1978 ; Koski,
1978). Additionally, a number of other Seyfert galaxies
were included — Mark 471 and 507 (Khachikian and
Weedman, 1974 ; Osterbrock, private communication),
Mark 622 (Osterbrock, 1978), Mark 716 and 845 (Oster-
brock el ai, 1978) and Mark 849 (Hatfield and Oster-
brock, 1980). We also observed several galaxies conside-
red as doubtful, unconfirmed or definitely not Seyferts-
Mark 378 and I Zw 81 (Koski, 1978), Mark 789 and 883
(Ha'Jield and Osterbrock, 1980), and Mark 577 (Oster-
brock, private communication). Mark 813 and 877 were
proposed as probable QSO's by Markarian and Lipovets-
kii (1976). A search was made for radio emission from
some other galaxies — Mark 575, 679, Arak 80 and Ton
524b — which lie nearby to programme galaxies and have
accurate optical positions.

4. Results. — The results of the survey are summarised
in table 11 (Seyfert galaxies) and table HI (possible or
unconfirmed Seyferts and other galaxies). Detected
galaxies are listed in tables lla and Ilia whose first 5
columns contain the galaxy name(s) (column 1), the
measured total flux density and its r.m.s. error
(column 2), the radio source size or upper limit (2)
(column 3) and the radio right ascension, ar, and decli-
nation, 5r, along with their r.m.s. errors (columns 4 and
5). The remainders of rabies lie and Ilia comprise the
difference, in arc sec, between the right ascensions of
the radio source and the optical nucleus, ar - a0, and
between the declinations of the radio source and the
optical nucleus, ör - d0, and the r.m.s. errors in these
differences (columns 6 and 7), a reference for the optical
position used to derive a, - a0 and 6, - So (column 8)
and any comments, in particular the presence of nearby
radio sources (column 9). For each undetected galaxy
(tables lib and I lib), we list the source name(s)
(column 1), the upper limit to the radio flux density
(column 2), a reference for the optical position at which
we searched for radio emission (column 3) and any com-
ments (column 4). Of the 36 Seyfert galaxies in table 11,
21 (58 %) have been detected, the great majority of
which have not been seen previously at radio wave-
lengths. If we disregard the radio selected galaxies
(4C29.6 and 4C35.37), the detection rate of 56 % is
similar to the 51 % achieved in Paper 1. Contour maps
of the regions surrounding Mark 506, 700, 871, Arak
42, NGC 6764, MCG 8-11-11, 4C29.6, and 4C35.37 are
given in figure 1. Fringe visibility curves for NGC 6764,
MCG 8-11-11 and 4C35.37 are plotted in figure 2. We

(2) Upper limits to the source size always refer to the E-W
direction (see Sect. 4.2).

discuss below in more detail several aspects of the pro-
cedures and results.

4.1 DETECTION AND IDENTIFICATION PROCEDURE. —
Galaxies were considered detected if the peak flux den-
sity Sp > 3 x r.m.s. noise, if the region around the
galaxy was free of confusion by any residual sidelobes
or grating responses from other sources in the field, and
if radio and optical positions agreed to within the
errors. As may be seen in tables lla and Ilia, the diffe-
rences cct - aa and 6r - 50 are always below 3 x r.m.s.
error in these differences except for Mark 464, 739, 871,
4C29.6 and 4C35.37. The radio position of Mark 464
has probably been influenced by incomplete subtraction
of a nearby source, while the radio and optical positions
of Mark 739 are separated by only 4?2. For Mark 871,
the difference ór - d0 is 3.1 x r.m.s. error in this diffe-
rence. 4C29.6 is an extended source, whose radio emis-
sion does extend over the optical object. We consider
the only doubtful identification in tables lla and Ilia to
be 4C35.37, for which higher resolution radio observa-
tions are needed.

The optical positions have been taken from Peterson
(1973, accuracy + 4 arc sec, after correction for the
bias noted by Dressel and Condon (1976) and in
Paper I), Wilson and Meurs (1978, accuracy between
± 0.5 and 4 arc sec), Kojoian et al. (1978, accuracy
± 5 arc sec), and E. D. Clements (1979, private com-
munication, accuracy typically 0.3 arc sec). In general,
we have preferred the positions by Clements, which are
the most accurate, having been obtained from specially
obtained plates with the 13 and 26 inch refractors of the
Royal Greenwich Observatory. For a few galaxies no
good optical position was available so a position with
error about ± 1 arc sec was measured by one of us
(EJAM) from the Palomar Sky Survey Plates with the
measuring machine of the Leiden Observatory (cf. Willis
and de Ruiter, 1977). These new positions are given in
the notes on individual galaxies appended to tables 11
and 111.

For the undetected galaxies (tables lib and IIIb), the
upper limits are 3 x r.m.s. noise, i.e. 3 mjy and 2 mJy
for old and new system measurements, respectively. Re-
sidual confusion in the new system observations fre-
quently led us, however, to adopt 3 mJy for the upper
limit, as for the old system. Some galaxies have slightly
higher upper limits, usually due to residual confusion
from intense sources in the field.

4.2 SOURCE PARAMETER EXTRACTION : FLUX DENSI-
TIES, POSITIONS AND SIZES. — As noted earlier, we have,
in general, followed the procedures of Paper 1. The flux
densities and positions of unresolveu sources were
obtained by means of a beam fitting program. Heavily
extended sources were handled with the CLEAN techni-
que, the flux densities being determined by summation
of the individual clean components. For strong sources,
zero spacing flux densities could be determined by extra-
polation of the observed visibility curve. The r.m.s.
errors in the flux densities and positions were found
using the procedures described by Willis el al. (1976).

The sizes of slightly extended, strong sources were
determined by fitting a Gaussian model to the visibility
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curve. For other sources, we subtracted the beam fitted
flux density at the source position and examined the
resulting map for residual flux near the galaxy. In
almost all cases, nc significant flux was left, so the
source was unresolved and a 2 x r.m.s. upper limit to
the east-west FVVHM size (given in tables II and 111) was
determined from the signal to noise ratio and figure 4 of
Willis el al. (1976). For heavily extended sources, a com
tour map is given in figure 1 and an estimate of the size
in table 11.

4.3 POLARIZATION. — All galaxies observed with the
old system and with Sp > 12 mJy were analysed for
linear and circular polarization using the technique des-
cribed by Weiler (1973). No circular polarization was
detected in any source and significant linear polarization
was found in only the two 4C sources. The 3 x r.m.s.
noise upper limits on both linearly and circularly polari-
zed flux density (^/Q2 + U2 and V) are generally 3 mJy
except for Mark 668 where the limit is 4 mJy. The most
meaningful upper limits on percentage linear polariza-
tion include Mark 668 (< 0.6 %), MCG 8-11-11
(< 1.2 %) and NGC 6764 (< 3 %). The distribution of
polarized flux density for 4C29.6 is shown in figure 3.

4.4 NEARBY SOURCES. — As in Paper 1, radio sources
within 5 arc min and stronger than several mJy have
been listed in the comments column of tables II and HI
along with some more intense sources at slightly larger

distances. Such a listing may assist interpretation of
lower resolution observations with pencil beam instru-
ments. As to the possibility of double radio sources
being associated with the galaxies, we note that only
Mark 486 is straddled by two radio sources within ~ 6
arc min (see note to table II). There is, however, no evi-
dence that either of these sources is associated with the
Seyfert galaxy. The double radio sources that have been
found in Seyfert galaxies (Wilson et al., 1980 ; Wilson
and Willis, 1980) generally have angular separations
smaller than the resolution of the present observations.
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TABLE I. — Instrumental parameters and observations.

r

Parameters:

Frequency (MHz)

Bandwidth (MHz)

R.m.s. noise (mJy (beam area)

Number of interferometers

Observations:

Baselines (m)a

Date

Galaxies

Old System

1415

4

*) 1

20

36 (72) 141

July 1977

Mark 378. '

478, 486, 507,

NGC 6764, MCG 8-11-11,

I Zw 81, Ton 524a,

4C 35.37

Nev System

1412

10

0.7

40

54 (36) 1458

February 1978

Mark 577, 622, 668, 699,

704, 705, 716, 734,

739, 766, 771, 783,

789, 813, 817, 841d,

845, 871, 87Ü, 877,

883

Baselines

Date

Galaxies

54 (72) 1278°

June 1977

Arak 42, 79, 81,

IV Zw 29, 4C 29.6

54 (36) 1458

December 1978

1 Zw 92

Baselines

Date

Galaxies

54 (72) 1422

July 1977

Mark 504, 506, 700, 849,

Arak 564

72 (72) 1584

March 1979

To 1059+105

Baselines

Date

Galaxies

72 (72) 1440

October 1977

Arak 347

28

baseline configurations: shortest baseline (increment) longest baseline

18 interferometers
C18 interferometers, baselines 792 and 864 m out

only 36 minutes of observing time were useable.



TABLE II. — Radio data at 1412 or 1415 MHz C)for Seyfert galaxies,
a) Delected galaxies.

Galaxy « a i d )

Hark 46*

Hark 471«/UGC 09214

Hark 477*/l Zn 92

Hark 478*

Hark 506*

HKk 622 /UGC 0*229

Hark 668*/OQ 208

Hsrh 704

Hark 739 /NGC 3756

Hark 766*/HGC 4253/
/UCC 07344

Kark 783

Hark 617 /UGC 09412

Hark »*5«

Kirk 871VIC 1198

Arak 79 /UGC 01757

Arak 347»/HGC 4074

Arak 564*/UGC 12163

HOC 67t4*/DGC 11407, cor*

total

HCG 8-ll-llVDGC 003374

4C 29.6V3C 59

A

•

C

D

4C 35.37*

Flux denaity

(•Jy)

13.8 £ 1.0

5.7 i

58.3 :

5.6 £

4.3 1

9.3 £

774 £

6.8 £

9.8 ±

39.0 £

32.0 £

10.0 £

4.5 1

6 .8»

12.0 £

3.4 2

27.6 ±

90 1

113 t

247 £

2520 t

109.0 £

861 t

664 1

886 £

578 £

1 .0

1.6

1.0

1 .0

1 .0

17

0 .7

0 .7

1.2

1.2

0 .7

1 .0

0.7

1 .0

1 .0

1.2

3

4

5

SO

2.7

18

14

20

12

Source a ize

(arc aec)

< 11

< 17

< 6

< 17

< 20

< 14

< 4

< 13

< 11

< 6

< 7

< 11

< 19

< 14

< 12

< 21

< 8

< 5

•v 70

*

290

< 4

•v 9 0

•V 9 0

< 4

*• 1 3

Radio posit

Right ascenaion, a

13h 53* 45Ï41 £ 0?08

14

14

14

17

08

14

09

11

12

13

14

IS

16

02

12

22

19

05

02

02

02

02

15

20

39

40

20

04

04

IS

33

IS

00

34

06

06

14

01

40

07

51

04

04

04

04

31

46.77

02.60

05.04

45.61

20.89

45.73

39.18

52.49

SS.68

30.47

57.83

12.6»

15.41

19.91

55.95

18.38

01.29

09.76

00.89

06.0S

09.16

16.61

4S.12

£ 0.16

£ 0.06

£ 0.17

£ 0.24

f 0.10

£ 0.04

£ 0.08

£ 0.06

£ 0.04

£ 0.04

£ 0.11

£ 0.29

£ 0.08

£ 0.08

£ 0.26

£ 0.05

£ 0.06

£ 0.05

£ 0.04

£ 0.09

£ 0.09

£ 0.04

£ 0.04

Declination, Sf

+38* 49' 12Ï0 i 1Ï3

+33 04 44.1 £ 3.7

+53 43 04.2 i 0.6

+35 39 09.5 £ 3.4

+30 55 27.9 £ 6.0

+39 08 59.4 £ 1.8

+28 41 29.2 £ 0.7

+16 31 07.0 i 3.7

+21 52 20.1 £ 2.0

+30 05 26.5 i 0.8

+16 40 33.5 £ 1.2

+59 00 39.4 £ 1.0

+51 38 39.4 £ 3.4

+12 28 00.8 £ 5.4

+38 10 38.3 £ 1.4

+20 35 35.6 £11.1

+29 27 47.2 £ 1.0

+50 51 07.7 £ 0.6

Radio * Optical Position Difference

' r " 8o

-OV'6 £ 0V9 + 4V7 £ 1Ï3

-4 £ 5 + 4 £ 8

+0.4 £ 0.6 + 0.2 £ 0.7

+«.0 £ 2.1 + 2.1 i 3.5

+0.6 £ 3.1 -11.6 £ 6.0

-4 £ 5 - 2 £ 3

+1.2 £ 0.6 + 0.4 £ 0.7

-3 .5 4 1.2 + 8.5 £ 3.7

-3 .8 £ 0.9 - 1.9 £ 2.0

+0.5 £ 0.6 + 0.9 £ 0.8

+1.6 £ 0.7 0.0 £ 1.2

-0 .3 £ 0.9 + 0.4 £ 1.0

+0.7 £ 2.9 + 2.4 £ 3.6

-1 .9 £ 1-2 +16.7 £ 5.4

+0.9 £ 1.0 - 0.6 £ 1.5

-4 .6 £ 4.0 - 4.8 £11.1

+0.7 £ 1.2 - 0.4 i 1.4

+0.7 £ 0.6 - 0.4 i 0.7

Reference for . Conaenta
optical poaition

+46 25 51.? t 0.6 +0.8 £ 0.6

+29 14 18.6 t 0.7

+29 16 14.7 £ 1.6

+29 16 37.0 t 1.5

+29 17 28.9 £ 0.7

+35 54 43.5 t 0.6 -1.5 £ 0.7

C

P

C

C

C

K

C

C

C

C

C

c

HW

C

C

c

c

(412. 75', 29)

U:6, -87', 13)

(118, -150', 36)

(2!2, -110', 76 («tended))

(2!4, -70', 20), (3!5, -1S6\ 8)

(3!8, 98'. 6)

(2!7, -117', 15), (6!7, - 6 0 \ 296)

(3!7, 23', 16)

(3!8, -178', 25)

<3!6, 54', 12), (4!7, 166*, 19)

(1!6, 178', 11)

S
N

cw

8)<

F
3
D

I
m

10
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TABLE II (continued). — b) Undetected galaxies.

N° 1

Galaxy naae(s)

Hark 474 /NGC 5683

Mirk 486VI Zw 121-1

Hark 504*

Mark 507

Hark 699 /III Zw 77

Hark 7O5VAr«k 202
/UCC O5O25/VIII Zv 47

Hark 716»

Hark 734

Hark 771 /Arak 374
/Ton 1542

Hark 841

Hark 849*

Hark 876

IV Zv 29*/Z« 0039+4003

Ton 524*

To 1059+105

Plu»
density
•-ly)

< 3

< 3

< 3

< 3

< 3

< 2

< 2

< 3

< 3

< 6

< 3

< 5

< 3

< 3

< 3

Reference for
opt. poaltlon

C

C

C

P

C

C

MH

C

C

c

HU

c

WH

C

C

(3!1, 9?*, 40), (3!8, 8Ó, 11 (extended))

(014, 175*. 34)

(2!1, 76', 15)

(7', 60', 1640 {OR 103)). (9' , -55', 294)

(4!8, 53*, 17), (3.'7, 161*, 14), (4!6, -69*. 18), <5!0, -24*. 17)

Comments on individual sources in table II (indicated by * ) :

Markarian 471. The 1410 MHz flux density given by Bieging el al. (1977) has been confused by the nearby source listed in the
comments column.

Markarian 477. Noted as a 2.S-3 x r.m.s. detection by Sramek and Tovmassian (197S) at 5000 MHz.
Markarian 478. The 1410 MHz flux density given by Bieging et al. (1977) has been confused, probably by the nearby source

listed in the comments column.
Markarian 506. A contour map of this source is given in figure la. Mark 506 lies at the NE peak of a « banana shaped » source,

whose total flux density is 10.3 ± 1 . 9 mjy. The SW peak of this source lies very close to the companion galaxy, so it too is prob-
ably a radio emitter with 5 = 6 ± 1 mjy. There is no optical counterpart on either Palomar Sky Survey print for the strong,
unpolarized (V, y/Q2 + if- < 3 mJy) radio source 2.23 to the SW of Mark 506. The flux densities at 2700 and 1410 MHz given
by Bieging et al. (1977) and Biermann et al. (1980) refer mainly to this strong nearby source and not to the Seyfert galaxy.

Markarian 668. A well known variable radio source (see e.g. Medd et al., 1972). Our flux density agrees with the radio spec-
trum published by Sanamyan and Kandalyan (1978b).

Markarian 766. Also detected by Dressel and Condon (1978) at 2380 MHz, whose flux density S (2380 MHz) = 29 ± 3 mJy
implies a spectral index a = 0.57 ± 0.2 (S « v~a) between 1412 and 2380 MHz.

Markarian 845. Optical position : ao(1950.0) = 15b06m12!56, 50(1950.O) = + 51°38'37.U
Markarian 871. A contour map of this field is given in figure lc. Mark 871 lies close to the northern peak of weak radio emis-

sion, whose total flux density is S = 10.1 ± 2 mJy. This emission may be two unresolved sources separated by ~ 2.'5 in
P.A. = 177°. Only the flux density of the northern component has been given in Table 11.

Arakelyan 347. A head-tail radio source, associated with the elliptical galaxy NGC 4061, lies 8."3 away in P.A. = - 130°.
Arakelyan 564. Colla et al. (1975) identify this galaxy with the radio source B2 2240 29B (Colla et al., 1970). However their

1415 MHz flux density (5)4i5 = 0.1 Jy) appears to be confused by nearby sources. Arak 564 was detected by Dressel and Condon
(1978) at 2380 MHz. Their flux density S(2380) = 21 ± 3 mJy implies a spectral index a = 0.53 ± 0.25 between 1415 and
2380 MHz. Optical position : a0(1950.0) = 22h40ra18?33, SOO95O.O) = + 29°27.'47.'6.

NGC 6764. A contour map of this source after subtraction of the core is given in figure le and a visibility curve from the three
observations near transit in figure 2a. Assuming a core-halo structure, the visibility curve implies a halo flux density of = 23 mJy
and a size of « 1 '-2'. The contour map with the core subtracted shows an elongation to the SE. Higher resolution observations
of the core by Wilson and Willis (1980) show a high brightness region coincident with the optical continuum nucleus and extend-
ed emission stretching = 10" to the SE. Combining our present core flux density with the value S(4885 MHz) = 44 ± 5 mjy
(Wilson and Willis, 1980) implies a spectral index a = 0.58 ± 0.1 between 1415 and 4885 MHz.

MCG 8-11-11. A contour map is given in figure If and the visibility curves in each position angle in figure 2b. The map shows
an intense core source (size < 4") with an extension ~ 33" to the SE. This extension is also apparent on a map made with the
core subtracted. The visibility curves show the source to be resolved in all position angles with the possible exception of
P.A. = 48°. The heaviest resolution is in P.A. = 114°, implying the existence of large scale (— 1') diffuse emission. At the
longest baselines ( K 5 - 6 X 10* wavelengths), the fringe amplitude is between 190 and 210 mJy (i.e. 0.77-0.85 times the zero spa-
cing flux density). A possibly real feature, of flux density S = 11 ± 3 mJy, is found I.'64 to the south (P.A. 178°) of the core
(figure If). The core source itself is unpolarized ; V, yJQA + U* are < 3 mjy, corresponding to circular and linear polarizations
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below 1.2 %. A high resolution 4.885 GHz map of the core with the V.L.A. (Wilson and Willis, 1980) reveals a compact source,
with size < 0."7, coincident with the optical nucleus, plus an extension 2" to the north. Using the present core flux density of
6(1415 MHz) = 2Ü0 ± 15 mJy and the measurements of Wilson and Willis (1980) at 4.885 GHz and of Condon and Dressel
(1978) at 2695 and 8085 MHz, the core spectral index is a = 0.80 ± 0.15.

4C 29.6. A contour map of the total intensity distribution is given in figure lg ; contours and a vector plot of the linearly pola-
rized radiation are given in figure 3. This complex source has been noted in many radio surveys and earlier Westerbork observa-
tions of total intensity have been reported by Katgert-Merkelijn, Lari and Padrielli (1980). The percentage linear polarizations at
1415 MHz in the various components are < 2 % (component A), 3-9 % (component B), 3-10 % (component C) and 6.4 % (com-
ponent D). In view of its compactness, separation from the main source and lack of polarization, component A may be a « back-
ground » source unrelated to 4C 29.6 itself.

4C35.37. A contour map is given in figure 1 h and the visibility curves in each position angle in figure 2c. The source is resolved
in all position an^ies except P.A. = 40°. In P.A. = 113°, where the resolution is most pronounced, the-FWHM source size is
13". The rather large difference between the radio and optical declinations casts doubt on the validity of the identification. A hig-
her resolution radio map is, however, needed to settle the issue. The source is ~ 6 % linearly polarized in P.A. = 10° at
1415 MHz.

Markarian 486. This galaxy is straddled by two radio sources. The first is at 3/8 in P.A. 8° with 10.5 ±2.2 mJy and the second
at 6.'1 in P.A. - 179° with 9.9 ± 1.7 mJy.

Markarian 504. Our upper limit to the flux density of this galaxy is in disagreement with the results of Sanamyan and Kan-
dalyan (1978a), unless the source is extremely variable.

Markarian 70S. The confusing source listed has a flux density of 34.3 ± 1 . 0 mJy, an angular size of < 6" and coordinates
«(1950.0) = 09h23m20?14 ± (KM, 5(1950.0) = + 12°56'4i:6 ± l."4. It is too far from the optical nucleus of Mark 705
(ar - a0 = + 2ro ± OH, Sr - 50 = - 22."8 ± l."4) to be identified with it.

Markarian 716. Optical position : «o(1950.0) = \&d1mlTA9, «o(195O.O) = + 23°21'18r7.
Markarian 849. Optical position : ao(195O.O) = I5h17ra5O!78, ao(195O.O) = + 28°45'23."4.
IV Zw 29. 4 sources lie within 5 ' of this galaxy (table II), but there is presently no evidence that any is related to it.

Comments on individual sources in table 111 (indicated by *).

Markarian 575. Our flux density is in agreement with the value of 20 ± 5 mJy at 1410 MHz given by Biermann el al. (1980).
Markarian 700. A contour map of the region of this ga'axy is given in figure 1b. The unresolved radio source coincides with

the nucleus of Mark 700. The elongated source to the north has total flux density 62 + 10 mJy ; the position of its peak is,
a = l^OPm?) ± 0?3,6 = + 31°37'33" ± 7". It may be either a « jet » associated with Mark 700 or, more likely, a « background »
double radio source. On the Palomar Sky Survey, a faint galaxy is found = 15 " to the south of the radio peak. The source is unpo-
larized ; V, JQ2- + U2 < 3 mJy.

Markarian 789. Optical position : oo(1950.0) = Uh29m55?47, Ó0Ü950.0) = + llo21'44r6.

Markarian 883. Optical position : a0(1950.0) = 16h27m47?ll, 60(1950.0) = + 24°33'O6r7.
Arakelyan 42. A contour map of the region of this galaxy is given in figure Id. An intense (236 ± 8 mJy) source lies 2.'70 to

the SE (P.A. 165°) of Arak 42. This source shows an extension approximately along the line between it and Arak 42. Although
the radio source associated with Arak 42 itself is, according to our formal criterion, unresolved there is evidence that it too is
extended in P.A. ~ 160°. On the Palomar Sky Survey, a blue stellar object is found close to the strong source.

Arak 80, 81. In the list of optical positions given by Wilson and Meurs (1978), the positions of these galaxies were accidentally
interchanged.

Markarian 813. Optical position : ao(195O.O) = 14h25m05;70, 60('950.0) = + 2O°O3'1677.
Markarian 877. Optical position : ao(195O.O) = 16h17m56i55, So = + 17°3r35."O.
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TABLE III. — Radio data at 1412 or 1415 MHz C) for possible or unconfirmed Seyfert galaxies, and other galaxies.
j) Detected galaxies.

uu»

Hark 378

Hark 575VUGC 01260

Hark 679

Hark 70DO/UGC 10675

Hark 789WIII Zv 323

Hark 883*

Arak 42VUGC 00959

Arak 80»/V Zv 233

Arak 81*/V Zv 233

I Zv 81

3.0

18.1

9.0

12.1

34.7

23.2

7.8

6.9

45.5

4.9

1

X

1

±

t

1

x

±

±

±

1.0

1.9

1.0

1.4

1.0

0.8

1.0

1.0

1.4

1.6

«

<

<

<

<

<

<

<

<

<

25

12

14

13

6

8

15

16

7

22

Flux denaity Sourea aiie tadlo poeltlon (1950.0)

(mJy) (arc aec) Ught ascension, or Declination, «

07h 13* U'82 t 0?47

01 45 52.60 1 0.07

lt 21 17.52 t 0.10

17 01 21.49 i 0.07

13 29 55.53 t 0.04

16 27 47.19 t 0.05

01 21 56.40 1 U.10

02 20 21.12 t 0.13

02 20 23.93 t 0.05

14 06 20.39 i 0.47

Radlo-Oecl:*! poa'n difference

+49'

+12

+33

+31

+11

+24

+31

+31

+31

+49

46'

21

03

31

21

33

54

57

SS

05

5478

51.3

58.1

37.3

49.8

04.1

17.3

41.5

13.8

52.8

t

t

t

t

t

x

t

±

1

1

670

4.1

2.2

1.6

1.6

1.0

2.2

2.9

0.8

6.0

+6

-3

-6

-0.5

+0.9

+1.1

+0.1

+3.1

-0.1

+0.3

t

1

t

•

±

1

t

±

±

±

6

5

5

1.0

1.2

1.2

1.3

1.6

2.1

4.6

-5

0

+4

-0.2

+5.2

-2.6

-3.1

-2.5

+0.3

-3.4

t

t

*

±

t

±

1

1

±

t

7

6

6

1.7

1

1

2

3

2

6

.9

.4

.2

.0

.1

.1

Reference for
optical position»

f

I

I

1M

HH

Ml

C

KM

C

IM

rnaai

(4!8, -110\ 2»)

In field Mirk 577

in field Hark 471s (3!8, -20', 30)

(3!9 - 615, -7', 62)

(1!6, 63', 8), (2!5, -143*. 9)

(2!7, 165', 236 (extended))

In field Arak 61

at 0!8, -130* Arak (0

m

TABLE III. — b) Undetected galaxies.
a.

Galaxy nsaab) Vlux Mfarance for Coaaimta
danalty opt. poaltlonb

Hark 577 /IKC 01282

Hark 813*

Hark 877*

Ton 524b

(•Jy)

< 3

< 3

< 6

< 3

It

m
HU

m

(714, 58', 113)

(4!0, 46*. 43), (716, -83", 126), (13', U', 1200 (3C334))

In flald Ton S24a

Hotea to table II ami lit

See table I for the «xact frequency of obaervatlon for each galaxy.

bReferenclng code for optical poaltlont Wrl • UUeon and Haure (1978): ÜÊ - thla paper, a«e aotea on
individual galaxiaa; C - E.D. Cleewnta (private eoBvunicatlon); K « Kojolan at al. (1978);
? • Peteraon (1973), corrected for bin (aae <M).

• cNearby aourcaa are given vith reapact to the galaxy aa (angular dlatance, poaitlon angle, flux density in sjy).
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N' 1 A 1415 MHz SURVEY OF SEYFERT AND RELATED GALAXIES

Mark 506

I I I
3O"58'- - 3 0 * 5 8 '

3 0 * 5 4 ' - A - 3 0 T 5 4 '

HPBW
I I

Mark 700
17H02H00S 17H01M20S

I I I I

- 31*30'

ft/ Markarian 506. Contour values are : - 1.5. 1.5. 3. 4.5. 6, (b) Mmkahan 700. The nudem of Mark 700 coincides widi
7.5, 10. 25, 50 mJy (beam area)'1. the unresolved source 10 the souk. Coatoar vahtes are:

- 3.0. - 1.5. 1.5. 3. 4 J . 6. 7.5. 10. 12J. 15 mlr (ban
area)1.

Mark 871
16H07H0OS 16«O6HPOS

I I I 1
12*10" — •

' " " ft"

Arak 42

— 12'UO'

f I 1 || • •

•!•" I l l '0 '

- '.i> 'f,.Br' I-
12"20' - ' ,

31*56' -

31*52' - )

- 12*20'

1 1
• v

. " e
• «

'0-

.*. «I

I I I I
16H07M00S 16H06H00S

- 31*56"

— 31*52"

(ci Markarian 871. Contour values are : - I.S. I.S. 3. 4.S, 6. (<Q Armkefym 42. Coatoar vahws are : - 3. - I.S. I J , 3,
7.S. 10. 25 mJy (beam area)1. 4.S. 6, 7.5, 10. 25. 50, 100. 150 mJy (bean area)1.
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E. J. A. Meurs et al. N° I

NGC 6764
19H07M20S 19HQ7M00S

I I I

MCG Ö—11-11

05H51M20S 05H51M00S
I I I

50° 54 -

) J
o ' I -50°54'

u o ITi

50° 5 0 ' - )>

HPBW

I I I
19HQ7M2QS 19HQ7MQ0S

4 6 " 2 8 ' -

« :' l
- 50°50'

O U D

'O

D
i

o
0 0

- 16'28'

16"ï

05H51M20S O5H51H00S

^ NGC 6764. Map after subtraction of a point source of flux (J) MCG 8-11-11. Contour values are : - 4.5, - 3, - 1.5,
density 85 mJy coincident with the nucleus. Contour values 1.5, 3, 4.5, 6, 7.5, 10, 15, 25, 50, 100, 150 mJy (beam area)"1,
are : - 1.5, 1.5, 3, 4.5, 6, 7.5 mJy (beam area)"1.

4C 29.6
02H014M20S 02H01M00S

I I I
> V V

29° 18' -

02H014M20S

- 29°I8'

- 29°I4'

35 '56' -

4C 35.37

15 '3lM50S

3 5 " 5 2 ' HPBW

1
02H01MOOS

I5H3IM5OS

I5H3IM3OS

- 35 "56'

— 3 5 ' 5 2 '

I5H3IM3OS

(g) 4C 29.6. Contour values are : - 8, 8, 16, 24, 50, 100, 150. W <C 35.37. Contour values are : - 10. 10, 20, 30, 40, 50,
250, 350, 450, 550, 650 mJy (beam area)"1. 75, 100, 150, 200, 300, 400 mJy (beam area)"1.

FIGURE la-h. — Contour maps of some extended or otherwise interesting sources. Full contours represent positive brightness and
dashed negative. Coordinates are for 1950.0 and the half power beamwidth is shown as a shaded ellipse in the bottom left-hand
corner. The cross gives the position of the optical nucleus of the galaxy.
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N° 1 A 1415 MHz SURVEY OF SEYFERT AND RELATED GALAXIES

NGC6764

I 2 3 4 5 6 7
PROJECTED BASEUNE {«I03 VWVELENGTHS)

(a) NGC 6764.
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200
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MCG 8-11—II

= I62°
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-1 1 1 1 H
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1 1 1 1 1 -
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H 1 1 1 I-
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• . • . . • I E r r o r
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4C 35-37
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I I I I
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B
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500
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1 1 1-
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H 1 1 1 1-
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-t 1 1 1 1 1 -
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(b) MCG S-ll-U. (c) 4C 35.37.

FiCiURU 2. — Fringe visibility curves of strong resolved sources. The position angles given are those of the fringe normal. The
total error (i.e. 2 x r.m.s.) in each point is indicated by the vertical bar.
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4C 29.6
02H04M20S

I I

29°I8' - - 2 9 ° I 8 '

I
02H0UH20S

02H0UM205

29*18'-

02H0UM00S

I

«xx—-TT-*^\V

29*14'-
HPBW 25mJ>'

I
02H0HH20S

'— 29"I8'

• - 29*14'

I
02H0U.M00S

(o) Contours of linearly polarized flux density (s/Q1 + V2). (b) Vector plot in which the line length is proportional to the
Contour values are : 2.5, 5, 7.5, 10, 15, 20, 30, 40, 50 mJy linearly polarized flux density (y/Q1 + U1) and the direction is
(beam area)"1. that of the E vector. The line length appropriate to 25 mJy

(beam area)'' is shown.

FIGURE 3. — Distribution of linearly polarized flux density over 4C 29.6. Coordinates are for 1950.0 and the half power beam-
width is shown as a shaded ellipse in the bottom left-hand corner. The cross gives the position of the nucleus of the optical
galaxy.
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III.2.

A 1415 MHz Survey of Seyfert and Related Galaxies - III

( In collaboration with A.S. Wilson. )

Summary - We present the third and final installment of a high

sensitivity search with the Westerbork telescope for radio continuum

emission at 1415 MHz from Seyfert and related galaxies. 24 galaxies

with declinations in the range +10° > 6 > -31° have been observed to a

flux density limit (3a) of about 3 mJy. 19 (79%) were certainly or

probably detected. The results of deep (3a noise about 1 mJy), full

12-hour syntheses of 3 Seyfert galaxies (Hark 40, 372 and 391) which

were undetected in Paper I of this series are also given. Each of these

galaxies has now been detected. A summary listing of the results of the

entire survey is given in right ascension order.

Key Words: - radio emission - Seyfert galaxies - active galaxies -

Markarian galaxies.
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1. Introduction

In two earlier papers (de Bruyn and Wilson 1976, Paper I; Meurs and

Wilson 1981, Paper II) a sensitive survey in X 21 cm continuum radiation

of Seyfert and related galaxies with the Westerbork Synthesis Radio

Telescope (WSRT) was presented. Of the 111 galaxies observed, 62 (56%)

were detected above a flux density limit of 3-4 mJy (3o). The present

paper gives the results of the remainder of this survey and includes

observations of 24 galaxies to a limit of 3 mJy (3a) and 3 galaxies to a

limit of 1 mJy (3o).

Information on the observational procedure is given in Section 2

while Section 3 explains how the galaxies were selected. The results

and a discussion of the expected level of chance coincidences are

presented in Table II and Section 4. Comments on individual sources are

given as notes to Table II. A summary listing of the entire survey is

given in right ascension order in Table III.

2. Observational Procedure

The WSRT and its mode of data reduction have been described

elsewhere (Hogbom and Brouw, 1974; Baars and Hooghoudt 1974; van Someren

Gréve 1974). Broadly speaking, we have followed the procedures

described in Paper II. A summary of the dates and observational

parameters is given in Table I; the reader is referred to Paper II for

the significance of the terms "old" and "new" systems.

The programme galaxies not previously observed in our survey lie in

the declination range +10° > 6 > -31°. Each of these galaxies was

observed near to transit; on either 4 separate occasions (with baseline

mJy = 10"29 W m"2 Hz"1
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9A = 36m, 54m, 72m and 90m) with the "old" system, or on 2 separate

occasions (with baseline 9A = 36m and 54m) with the "new" system. At

these declinations, the resolution of the WSRT in declination is poor;

for the few sources within a degree or two of the celestial equator no

declination information is available other than that the radio sources

must lie within the primary (single dish) pattern, whose FWHM is

= 36'. Under these circumstances, identification of a radio source with

the programme galaxy relies essentially on good agreement between radio

and optical right ascensions. As discussed in Section 4, however, it is

improbable that more than one of the listed identifications is

incorrect.

We have also observed, with full 12 hour observations, 3 galaxies

with 6 > 10° (Mark 40, 372 and 391) which were undetected in Paper I.

3. Programme Galaxies

As before, most of our programme galaxies were selected from the

lists of Weedman (1977, 1978). Also observed were Mark 391 (noted as a

possible Seyfert by Khachikian and Weedman (1974) but is not a Seyfert

according to Shuder and Osterbrock 1982), Mark 586 (noted as a possible

QSO by Markarian and Lipovetskii 1973), NGC 3081 (M.G. Smith, private

communication) and T1004-296 (Penston et al. 1977). We note that two

galaxies in our survey, Arak 223 and Arak 253, are not now considered

Seyferts (Phillips and Osterbrock 1977).

4. Results

The results of the survey are presented in Table II, where the

galaxies are listed in increasing Markarian numbers followed by
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Arakelyaii, NGC, Zwicky, MCG and Tololo designated galaxies. Flux

densities of detected galaxies (including the 3 galaxies, Mark 40, 372

and 391, which were observed for a full 12 hours) are given in Table

Ha, whose first 5 columns contain the galaxy name(e) (column 1), the

measured total flux density and its r.m.s. error (column 2), the upper

limit on the E-W radio source size (column 3), and the radio right

ascension, ar, and declination, £r, along with their r.m.s. errors

(columns 4 and 5). The remainder of Table Ila comprises the difference

between the right ascension of the radio source and the optical nucleus,

ar - a (in arc sees, column 6), and between the declinations of the

radio source and the optical nucleus, 6r - 6Q (in arc sees for the

sources with 6 > +10 and in arc mins for the rest, column 7), and a

reference to the optical position used to derive or - ao and 6r - &o

(column 8). For each undetected galaxy (Table lib), we list the source

name(s) (column 1), the 3a upper limit to the radio flux density (column

2) and a reference for the optical position at which we searched for

radio emission (column 8). For a few galaxies, no accurate optical

position was available, so their positions were measured at Leiden or

Maryland and are listed in the notes to Table II. Of the 27 galaxies in

Table II, 22 (81%) have been certainly or probably detected, the great

majority of which have not been seen previously at radio wavelengths.

In the following, we discuss briefly the expected chance coincidence

rate and limits on the radio polarizations. The reader is referred to

Sections 4.1 and 4.2 of Paper II for explanation of the detection and

Identification procedure and the methods of source parameter extraction.

Because the declination resolution is poor, it is relevant to

discuss the possibility that background radio sources, unassociated with
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the programme galaxies, may be listed as the identification in Table

Ha. From the differential source counts at 1415 MHz given by Willis

et al. (1977), we expect a total of 1.45 x 10 sources sterad above

the survey limit of 3 mJy. For the 12 sources detected in the transit

survey and for which it was possible to derive the declination (Table

H a ) , the average (lo) error in or - aQ is ± 173 and in 6r - « o ±3C5.

The probability of a background radio source of flux density > 3 mJy

lying within the ellipse defined by these errors is 0.026, where 3o

errors in each coordinate have been taken as the semi major and minor

axes of the ellipse. For the 7 sources without declination information,

the average error (la) in ar - aQ is ±271. Adopting arbitrarily a

declination error (3a) equal to ±9' (±0.5 x FHHM of the primary pattern)

and making no correction for primary beam attenuation, the probability

of a background source lying within one such error ellipse is 0.036.

This probability would be reduced if attenuation of the background

sources by the primary pattern were allowed for. While these figures

are admittedly only rough estimates of the confusion, it is clear that

the number of spurious identifications in Table II is most unlikely to

be more than one. Perhaps the most doubtful case is Mark 590, for which

the displacement ar ~ ao is 3.35a.

In several cases, particularly for sources very close to the

celestial equator, the first grating response is essentially

indistinguishable from the main beam response. The radius of this

grating response is 4077 in right ascension, where the attenuation by

the primary pattern gives a sensitivity of only 4.5JE of its on axis

value. Thus for a background source lying on the first grating response

and at the same declination as the programme galaxy to be
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listed as a detection, the flux density would have to be at least 67

mJy. If the declination of the background source differs from the

programme galaxy, its flux density would need to be even higher. In

fact, the probability of such grating response confusion is more than an

order of magnitude smaller than the chance of main beam confusion

discussed above.

As in Papers I and II, all galaxies observed with the old system

with S > 12 mJy were analyzed for linear and circular polarization. No

polarization was found in any of the galaxies. The 3a upper limits on

2 2
both linearly and circularly polarized flux density (/Q + U and V) are

generally 3 mJy, except for MCG-2-58-22 where they are 5 mJy.

5. Summary Listing by Right Ascension

In this series of papers, objects have been listed in order of

increasing number of the original designator, most commonly Markarian.

For some purposes, the alternate system of a catalogue by right

ascension may be more convenient. Table III provides such a listing for

the complete survey in the same format as Table II but with the addition

(last column) of a reference to the paper where the observations were

originally reported. Table III also includes the results of observation

of 5 "classical" Seyferts by van der Kruit (1971). This list should be

regarded as a summary and the reader is referred to the original papers

for further information.
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Table 1: Instrumental Parameters and Observations

Paraaatars;
fraqcsncy (HHc)
Bandwidth (MHr)
R.a.s. nolH (aJy (baaa araa)~ )
Nuabar of intexfsroaatars

Old System

1415

4
1

20

New System
1412

10
0.7

40

Observation»:

Basallnes (in)*
Date
Galaxies

Data
Galaxlaa

Date
Galaxies

36 (72) 1404
July 1977
Mark 509 541
Arak 223 ö e 253

590 609',be 61ft

NGC 985 S e 3081 7603 IC 4329Ad?f

Auguat 1977
T1004-296

November 1977
MCC-2-58-22c«

Baselines (n) 36 (36) 1440
Bate December 1977/January 1978
Galaxies Mark 40q 39l1

Dace August 1978

Galaxies Mark 543 584 586 395

Date: February 1979P

Galaxies Mark 573 NGC 4235 T2327-O27

Baselines (m) 54 (36) 1458P
Date February 1978
Galaxies Mark 543 m e 584 586 595

Baaallnc (m)
Data
Galaxla*

54 (72) 1422
June 1977
Mark 590 609be ,618
Arok 223" 253ct T1004-296c£

iiSC 985be 3081"
Zw 0934+01" II Zw 1 II Zw 136bh III Zw 55be

Date December 1978
Galaxies Mark 573 NGC 4235" T2327-027

Baselines (n) 72 (72) 1512
Date October 1977
Galaxies Mark 372ir

Data
Galaxlaa

Date
Galaxlaa

Basellnea(a)
Date
Galaxies

Oats
Galaxies

Basellnes(n)
Date
Galaxies

Date
Galaxleg

July 1977
Mark 509 541cl NGC 7603"
IC 4329A

September 1977
MCG-2-58-22

72 (72) 1440
May 1977
Mark 509" 541 590 609 618CJ
Arak 223 253 T1004-296cf

NCG 985 3081 7603" IC 4329A"
Ztt 0934+01" II Zw 1 II Zw 136 III Zw 55be

October 1977.
MCG-2-58-22ck

90 (72) 1314cf

May/June 1977
Mark 509 541 590 609 618
Arak 223 253 T10O4-296
NOC 985 3081 7603 IC 4329A
Zw 0934+01 II Zw 1 II Zw 136 III Zw 55

December 1977
MCC-2-58-22dfl

NOTES

baseline configurations: shottcBt baseline (Increment)
longest baseline
19 Interferometers
18 Interferometers
17 Interferometers
shortest baseline out
two longest baselines out
252 and 756 m out
198 m out
342 and 414 m out
648 and 720 m out
792 and 864 m out
R10 in out
39 Interferometers
36 Interferometers, 54, 50, 126 and 162 m out
parallel dlpoles
full 12 hour observation; r*
30 interferometers

.a. nolBE 1B 0.3 - 0.4 mJy



Galaxy Nue(s)

Hark 40*/W 144
/I Zw 26

Mark 372/IC 1854

Hark 391/HGC 2691
/UGC 04664

Mark 509

Mark 543*/NGC 7811
/III Zw 127

Mark 573*/UGC 01214

Mark 584

Mark 586*

Mark 590*/DGC 01727
/NGC 863

Mark 609

Hark 618

Arak 253*/Mark 1261
/UGC 05849

NGC 985*/VV 285
/Mark 1048

NGC 3081*

NGC 4235/IC 3098
/UGC 07310

NGC 76O3*/Mark 530
/UCC 12493/Arp 92

IC 4329A*

II Zw 136/UGC 11763

III Zw 55*/NCC 1410
/UGC 02821

MCG-2-58-22/Mark 926

T1004-296*/NGC 3125

T2327-027*

Flux density E-W Source sire
(nJy) (arc sec)

Table II - Radio data at 1412 or 1415 MHz(a)
a) Detected galaxies

Radio position (1950.0) Radio-Optical Position Difference
Right ascension, ar Declination, &r o r - a &T -6

1.2 ± 0.3

2.4 ± 0.4
6.8 ± 0.4

12.5 ± 1.0
(4.3 ± 1.2)

20.1 1 1.1
3.6 ± 0.7

(3.5 ± 1.0)
(11.0 t 2.0)

27.3 ± 1.2
16.4 ± 1.4

(17.6 ± 1.4)

(19.0 ± 5.0)

6.6 ± 1.1
10.0 ± 0.7

(26.7 ± 2.0)

38.5 ± 1.3
9.8 ± 1.6

(16.5 ± 1.5)

34.0 ± 2.0
13.0 ± 3.0
(5.4 ± 1.0)

< 30

< 17

< 10

< 12

< 22

< 40

< 18

< 21

< 13

< 9

< 11

< 12

< 16

< 11

< 10

< 7
< 16
< 12

< 20

< 60

< 17

11"

02

08

20

23

01

01

02

02

03

0 4

10

02

0 9

12

22™

46

51

41

59

41

57

05

12

22

34

41

32

57

14

47Ï74

31.64
32.32

26.10
52.60

22.61
51.19
14.49
00.82

57.30
00.09
19.08

10.67

09.46
36.66

±

±
±

±
±

±
±
±
±

±
±

±

±
±

0!

0

0

0

0

0

0

0

0

0

0

0

0

0

0

?36

.13

.07

.06

.32

.05

.15

.25

.1

.04

.06

.04

.12

.12

.06

+54"

+19

+39

-10°

+02

+02

- 0 6

- 1 0

-08

-22

+07

3<>Ê

05

43

58

04

25

21

27

54

37

31

• 2ir

50.

4 6 .

: i

-

. 8

.0

-

-

.4

. 0

-

.8

.0

.2

4 ±

6 ±
6 ±

±

±
±

±
±

±

±
±

3 :

s:
ï :

'S

'6

:i

2:6

6:;2

6:o

3;

1:

4;

2:

2

:5

15

:5

:s
:7

-0V9

+3

-6

-2

-1

-4

+1

+1

+6

+0

+1

- 1

+2

-6

-1

. 0

.7

.6

.2

.7

.7

. 4

.7

. C

. 9

. 8

.4

i . 9

.2

±

±
±

±
±

±
±
±
±

±
±
±

±

±
±

3"

1.

4 .

1.

4 .

0 .

2 .

6.

2 .

0 .

0 .

0 .

1.

1.

0 .

1

9

1

0

8

8

3

3

0

7

9

8

8

,9

,9

-s:

+ i :

- ï :

'4

•1

•4

-3:8

- ï :

-o:

- 2 ;

+ i :

+5;

- 1

+3:

: i

;7

-.2

:6

:6

:8
: i

±

±
±

±
-

±
±
-
-

±
±
-

±

±
±

3"

5:

4 :

2 :

6:

6:

3 :

ï :

4:

r.
i:

A

6

ï

6

2

0

5

5

5

:5

7

23 16 22.85 ± 0.05

13 46 27.79 ± 0.04

21 30 00.69 ± 0.12

03 38 38.19 ± 0.06

23 02 07.21 ± 0.04

10 04 18.18 ± 0.23

23 27 57.89 + 0.14

-30 03.1

+10 01.9

-08 58.9
-29 42.8

-0.3 ± 0.8

± 0:5 -1.0 ± 0.7
± 7:9 -7.2 ±1 .8

-2.1 ± 1.1

± i:0 +0.7 ± 0.8
± 3:0 +2.3 ± 3.6

-2.1 ± 2.3

+0:5 ± 0:5
+6:9 ± 7:9

-i :6 ± K0
-K3 ± 3:0

Reference for
Optical Position1*

C
DC

C

C

C

c

K

C

C

c
mi

WH2

c

«Ml

c
UM1

WM1

WM2

HM2

b) Undetected galaxies
Mark 541 < .

Mark 595* < 4

Arak 223 < 3

II Zw 1 < 3

Zw 0934+01/Mark 707 < 3

c
c
WM1

C

C



Notes to Table II

* See table I for the exact frequency of observation for each galaxy.
Rafereni

DC

WM1
WM2

ing code for optical position:
Clements (1981)
Oreaael and Condon (1976)
Kojolan, Elliott and Tovmaaalan (1978)
Wilson and Meura (1978)
This paper, see notes on individual galaxiea.

Coaments on individual sources In Table II (indicated by *)

Markarlan 40;

This galaxy is straddled by two radio sources, the first at 6C1 In p.a. 187° with flux density 7.5 mJy and the second at 5:4 in p.a. 13° with flux density 9.5 mJy.

Markarlan 543. 586. 590. Arafcelyan 253. NGC 7603, III Zv 55. 12327-027:

The lack of declination Information randera the identification of the radio aource with the galaxy leas certain (see discussion In Section 4). For this reason the flux
densities arc glvan In parentheses. However, VLA observations by ASU, J.S. Ulvestad and R.A. Sramek at «.885 GHz reveal radio emission close to the level expected from the
present observations (assuming a " 0.5 - 1.0, d* Sruyn and Wilton 1978) for Hark 590 and an upper Unit consistent with the present data for Mark 543. Also, NGC 7603 has
been detected by Crane (1977) at 2.7 GHz and by van der Hulst, Crane and Keel (1981) at 5 GHi at flux level» broadly consistent with the present value (see below). For the
others, further observations with a non E-W Interferometer are desirable.

Markarlan 543:

Cleaenta (1981) points out that the optical nucleus la double with conponent separation about 7". The radio right ascension Is consistent with either optical
component. We h».ve arbitrarily listed the radio-optical right ascension difference v.r.t. the SE object.

Markarlan 573:

A strong aource precedes the galaxy by 25". Some emission remained after subtraction of this source, but Is probably not real.

SCC 985:

Naar to thla galaxy we found an extended aource of total flux density about 60 mJy. Analysis with the CLEAN routine suggested that the source Is composed of at least
two coaponsnts, blandad becauaa of the vary poor «solution (50' FUHM) In declination. One component, whoae properties are listed In the table, Is close to NGC 985, while
the other llaa about 14" to the north. Because of uncertainty in this deblendlng, NGC 985 ahould be considered as only a tentative detection.

HOC 3081:

Optical position: oo(1950.0) - 09
h 57" 09*96, 6o(1950.0) - -22° 35' 1075 (error i 1")

WCC 7603:

Detected by Crane (1977) at 2.7 GHi with S(nuclear) - 22 mJy. Also detected by van der Hulat, Crane and Keel (1981) at 5 GHz with S - 10.8 ± 3.0 mJy.

IC 4329A:

Detected by Disney at 5 CHz (private communication, aaa de Bruyn and Wilson 1976) with S - 24 ± 1 mJy, and by Crane (1977) at 2.7 CHz with S - 49 mJy. These data and
the present «r« not consistent with a power law spectrum and may Imply variability (see also Disney 1973).



*• III Zw 55:

This system consists of a pair of galaxies, NGC 1409 and NGC 1410, one lying NE of the other and separated by 14". Sargent (1970) Incorrectly states that NCC 1409 is
the northern component and the Seyfert galaxy. According to de Vaucouleurs, de Vaucouleurs and Corwln (1976), NGC 1410 Is, In fact, the northern component and the Seyfert.
The optical position of the Seyfert Is given correctly In Table 1 of Wilson and Meurs (1978), but, following Sargent, It Is wrongly referred to as NGC 1409. The optical
position listed by Clements (1981) refers to the non Seyfert NGC 1409, the southern member. The right ascension of the radio source Is consistent with either galaxy; the
offset Is given u.r.t. the Seyfert NCC 1410.

T1OO4-296:

Optical position: a (1950.0) - 10h 04" 18Ï00, 6o(1950.0) - -29° 41' 28Ï2 (error ± 2"). After subtraction of the source close to the galaxy, residual emission was found
to Che north. This emission nay be real or, more likely, residual sldelobe confusion. T1004-296 may have been detected (at 2.7a) by Penston et al. (1977) ct 5 GHz with S -
10.8 t 4.8 mJy.

T2327-O27:

Optical position: oo(1950.0) - 23h 27» 58?03, «O(1950.0) - -02° 44' 19V7 (error ± 1").

Markarlan 595:

A weak (S = 3 ± 1.1 mJy) feature is found close to Che galaxy at a - 02h 38m 55?1 t 0?4, S - +07° 04:9 ± 4:4. The offsets from the optical position are a - a -
-1075 ± 670 and 5r - 6. " +6:4 ± 4:4. Although It could be a source associated with Hark 595, we prefer not to l ist It as a detection because of Its low significance and
possible displacement from the optical galaxy.



Mark 335

IV Zw 29
/Zw 0039+4003

Mark 348/NCC 262
/UGC 00499

I Zw 1/UGC 00545

Mark 352

Mark 1/NCC 449

II Zw 1

Arak 42/UGC 00959

Mark 358

Mark 573
/UGC 01214

Mark 375
/UGC 01260

Mark 577
UGC 01282

Mark 584

4C 29.6/3C 59
A
B
C
D

Mark 586

Mark 390/NGC 863
/UCC 01727

Arak 79/UCC 01757

Arak 80/V Zw 233

Arak 81/V Zw 233

NGC 985/W 285
/Mark 1048

< 8

< 3

340

10

< 4

63

< 3

7

< 4

20

18

< 3

3

2520
109
861
664
886

(3

11

12

6

4S

(19

.8

.1

.1

.6

.0

.5

.0

.0

.9

.5

.0

±

±

±

±

±

±

±

±
±
±
±
±

±

±

±

±

t

t

7

2

2

1.0

1.1

1.9

0.7

50
2.7
18
14
20

1.0)

2.0

1.0

1.0

1.4

5.0)

<

<

<

<

<

<

<

<

<

<

<

<

<

<

-

-

4

30

-

10

-

15

-

40

12

-

18

•90
4

90
90
4

21

13

12

16

7

-

Table III - A Summary of the Westerbork eurvey of Styftrt, Seyfert related and other galaxies at 1415 MHc

Radio-Optical Position Difference •• Reference for
ar - o 0 « r - Jo Optical Poaitlon'

- c

- HM1

Galaxy Nine(a) Flux denelty Source elze Radio position* (1950.0)
(mJy) (arc aec) Right «•camion, ar Declination, « r

00h 46m 04?86 ± 0Ï07 +31° 41' 05:6 ± 2Ï0

00 50 57.80 ± 0Ï3 +12 26 30 ±22.

01 13 19.52 1 0.1 +32 49 33.0 + 2.0

01 21 56.40 t 0.10 +31 54 17.3 ± 2.2

01 41 22.61 t 0.05 +02° 04:8 t 612

01 45 52.60 ± 0.07 +12 21 51.3 ± 4.1

01 57 51.19 ± 0.15 +02° 25T0 ± 6:o

02 04 00.89 ± 0.04
02 04 06.08 ± 0.09
02 04 09.16 ± 0.09
02 04 16.61 1 0.04

02 05 14.49 + 0.25

02 12 00.82 ± 0.1

02 14 19.91 ± 0.08

02 20 21.12 ± 0.13

02 20 23.93 t 0.05

02 32 10.67 ± 0.12

+29 14 18.6 + 0.7
+29 16 14.7 ± 1.6
+29 16 37.0 + 1.5
+29 17 28.9 ± 0,7

+38 10 58.3 t 1.4

+31 57 41.5 ±2.9

+31 58 13.8 ± 0.8

-08° 5418 • 4 »

-0V3 ± 0V9

-0.2 ± 4.4

-1.2 ± 1.3

+0.1 ± 1.3

-4.7 ± 0.8

-3. ± 5.

+1.7 ± 2.3

+1.4 ± 6.3

+6.7 ±2.0

+0.9 ± 1.0

+3.1 ± 1.6

-0.1 ± 2.1

+2.4 ± 1.8

+K0 ± 2V0

+70V ± 22V

-0:i ± 2V0

-3V1 ± 2:2

-i:i ± 6T2

0V ± 61'

-0T7 ± 6:0

-0V6 ± 1Ï5

-2Ï5 ± 3:o

+0V3 ± 2V1

+5C6 ± 4C5

C

HM1

K

C

c

MM1

C

C

Mark 595 < 4

Paper0

I

II

I

I

I

III

II

I

III

II

II

III
II
II
II
II
II

III

III

II

II

II

111

III



Ui
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Table III - continued

Galaxy Ntae(a)

Hark 372/IC 1854

Mark 609

Flux density Source alze
(•Jy) (arc aec)

III Zv 55
/NBC 1410
/UGC 02821

HGC 1614

Hark 618

II Zw 23 Companion

II Zw 23
/U6C 03179

HCG 8-11-11
/UGC 03374

Hark 3
/DGC 03426

Hark 6 Core
/IC 450 Total
/DGC 03547

Hark 374

Hark 376

Hark 378

Mark 9

Mark 78

Mark 79
/UGC 03973

Mark 80

Mark 10
/UGC 04013

Mark 382

Hark 622
/UGC 04229

Hark 391
/NEC 2691
/UGC 04664

2.4 1 0.4

27.3 ± 1.2

(16.5 1 1.5)

119 t 4

16*4 ± 1.4

14

13

247

1060

< 213
270

± 2

± 2

± 5

± 20

± 5
± 10

13.3 ± 3

< 10

3.0 ± 1.0

< 4

33 ± 5

18.8 ± :.5

< 20

< 4

< 4

9.3 ± 1.0

6.8 ± 0.4

< 17

< 9

< 12

< 10

< 11

< 20

< 20

< 2

< 5

~ 60

< 30

< 25

< 10

< 15

< u

< 10

Radio position* (1950.0)

Right ascension, o^ Declination, < r

02 46 31.64 ± 0.13 +19 05 50.6 ± 5.6

03 22 57.30 ± 0.04 -06° 2 K 4 ± 3:5

03 38 38.19 ± 0.06

04 31 35.70 ± 0.06 -08° 4117 ± 2:5

04 34 00.09 ± 0.06 -10° 27C0 ± 115

04 47 00.61 1 0.2 +03° 14T1 ± 3C0

04 47 07.28 ± 0.2 +03° 14:5 ± 3:0

05 51 09.76 ± 0.05 +46 25 51.3 t 0.6

06 09 48.28 ± 0.2 +71 03 10.4 ± 1.0

06 45 43.95 ± 0.2 +74 29 09.3 ± 1.0

06 55 34.67 ± 0.4 +54 15 58.4 ± 4.0 +1.0 ± 3.5 +173 * 4:0

lo-Optlcal Position Difference"
a r -<»o « r ~ « o

+3.0 ± 1 . 9

+0.5 ± 0.7

-2.1 ± 1.1

+0.0 ± 5.1

+1.9 ± 0.9

+0.7 ± 3.3

+3.1 ± 3.3

+0.8 ± 0.6

-0.7 ± 1.0

+0.1 ± 1.0

+1:11 s:6

-2:2 ± 3:5

-

+0:8 t 2:5

+1:6 ± 1:5

-0:3 ± 3:0

-0:4 ± 3:0

+0:1 ± 0:7

-0:3 ± 1:0

-ore ± iro

Reference for
Optical Position0

C

C

Mil

G

C

s

s

c

c

c

Paper"

I I I

I I I

I I I

I

I I I

I

I

I I

I

I

07 13 19.82 +. 0.47 +49 46 54.8 ± 6.0 +6. ± 6. -5: ± 7:

07 37 56.70 ± 0.3 +65 17 40.7 ± 2.0 -0.8 ± 1.9 -1Ï5 i 2Ï0

07 38 47.41 ± 0.3 +49 55 40.3 ± 3.0 +0.7 ± 2.9 -0:6 t 370

08 04 20.89 ± 0.10 +39 08 59.4 ± 1.8 -4. ± 5. -2: ± 5:

08 51 32.32 t 0.07 +35 43 46.6 ± l.l -6.7 ± 4.1 -1Ï4 ± 4T1

C

C

P

C

c

c

p

c

c

K

DC

I

I

II

I

I

I

I

I

I

II

III



Table III - continued

Calaïy N . K ( . ) Flux density Source size Radio position» (1950.0) Radio-Optical Fbtltlon Difference1" - Reference for Pan.*"1

(nJy) (arc sec) Right ascension, a, Declination, Sr °r " °o 6
r - 6 o Optical Position0

09 15 39.18 ± 0.08 +16 31 07.0 ± 3.7 -3.5 ± 1.2 +8:5 ± 3:7 c n

P I

09 21 45.10 ± 0.4 +52 30 09.4 ± 5.0 +6.4 ± 3.7 +1V6 ±570 c I

C n

- C m

09 45 24.13 ± 0.7 +50 43 32.7 ± 9.0 -1.7 ± 6.6 +3:8 ± 9V0 c 1

W M l HT.

09 57 09.46 ± 0.12 -22° 37:0 t 2T5 -6.9 ± 1.9 - K 8 ± 2C5 |*|2 m

10 04 18.18 ± 0.23 -29° 42C8 ± 3t0 +2.3 ± 3.6 -1:3 + 3:0 «M2 ill

MW n

- - C I

10 20 46.8 ± 0.14 +20 07 07. ± 5.8 +0.3 ± 2.0 +079 ± 5:8 c v«

C Ï

- «Ml II

C II

10 30 51.56 ± 0.3 +60 17 20.3 ± 3.0 +0.8 ± 2.3 -1:5 ± 3:0 C I

10 41 19.08 ± 0.04 . - -i.g +. 0.8 - (Ml HI

C II

11 00 28.54 ± 0.1 +28 14 29.4 ± 3.0 +5.8 ± 4.2 -5:6 ±5:6 DC I

11 03 23.7 ± 0.45 +72 50 21. ± 2.1 +3.8 ± 2.0 +0:8 ± 2:i C vdK

- - C II

11 22 47.74 ± 0.36 +54 39 21.4 ± 3.8 -0.9 + 3.1 -5M ± 3:8 C III

Hark 704

Hark 106

Mark 110

Mark 705/Arak 202
/UGC 05025
/VIII Z» 47

Zv 0934+01
/Hark 707

Hark 124

Arak 223

NGC 3081

T1004-296
/NGC 3125

Hark 716

Hark 141

NGC 3227
/UGC 05620

Hark 142

Ton 524b

Ton 324a

Hark 34

Arak 253/Mark 1261
/UGC 05849

T1059+105

NGC 3504
/UGC 06118

NGC 3516
/UGC 06153

Hark 734

Mark 40/W 144
/I Zw 26

6

< 5

11

< 2

< 3

6

< 3

6

13

< 2

< 4

95

< 4

< 3

< 3

16

(17

< 3

310

22

< 3

1

.8

.1

.9

.6

.0

.5

.6

.2

±

±

±

±

±

±

±

±

*

±

±

0.7

1.5

1.4

1.1

3.0

2.0

2.0

1.4)

15

2

0.3

< 13

-

< 30

-

-

< 30

-

< 16

< 60

-

-

< 7

-

-

-

< 20

< 12

-

~ 50

< 7

-

< 30



Ui Table III - continued

Galaxy Name(s)

Hark 171
/NGC 3690
/UGC 06472

Hark 176/W 150

Hark 739
/NCC 3758

Hark 42

NGC 4051
/UGC 07030

Arak 347
/NGC 4074

Hark 198

NGC 4151
/UGC 07166

Hark 201
/NGC 4194
/ÜGC 07241

NGC 4235
/IC 3098
/UGC 07310

Hark 766
/NGC 4253
/UGC 07344

Hark 205

Hark 50

Hark 52
/NGC 4385
/UGC 07513

Hark 771
/Arak 374
/Ton 1542

Hark 231 Core
/UGC 08058 Total

Hark 232

Hark 233

Flux denalty Source size
(•Jy) (arc sec)

680 ± 25

21 ± 3

9.8 ± 0.7

< 4

21 ± 2.0

3.4 ± 1.0

6.1 ± 1.4

338 ± 7

113 ± 5

10.0 1 0.7

39.0 ± 1.2

3.0 ± 0.2

< 4

< 5

< 3

210 ± 5
260 ± 10

< 4

< 5

- 60

< 20

< 11

< 7

< 21

< 30

< 7

- 9

< 11

20

< 5
~ 60

Radio position" (1950.0) Radio-Optical Position Difference*
Rlgh": ascension, Uy Declination, < r a r - a 5 r " { o

11 25 43.71 ± 0.16 +58 50 18. ± 1.6 -3.8 ± 4.2 -5Ï0 ± 4.D

11 29 55.30 ± 0.3 +53 13 37.0 ± 3.4 -0.8 ± 2.7 +K7 ± 3Ï4

11 33 52.49 ± 0.06 +21 52 20.1 i 2.0 -3.8 ± 0.9 -K9 ± 270

12 00 36.4 ± 0.19 +44 48 30 ± 2.8 -0.1 ± 2.0 -478 ± 2T8

12 01 55.95 ± 0.28 +20 35 35.6 ± 11.1 -4.6 ± 4.0 -4V8 ± 11U

12 06 42.30 1 0.8 +47 20 16.3 ± 11.0 -12.2 1 9.1 +6'.'3 ± 11:8

12 08 01.00 ± 0.17 +39 41 02 ± 3.1 -0.6 ± 2.0 +0:2 ± 371

12 11 41.22 ± 0.11 +54 48 16.4 ± 1.1 -4.2 ± 4.1 -476 ± 4Ï1

12 14 36.66 ± 0.06 +07° 31C2 i V.I -1.2 ± 0.9 +311 ± 2T7

12 15 55.68 ± 0.04 +30 05 26.5 f 0.8

12 19 33.67 ± 0.2 +75 35 15.2 ± 1.0

+0.5 ± 0.6

+4.0 ± 4.1

+0Ï9 ± 0Ï8

+2V2 ± 471

12 54 05.00 ± 0.11 +57 08 37.5 ± 1.0 0.0 ± 0.9 -0V8 ± 1Ï0

Reference for Paper"
Optical Position0

P

C

DC

P

C

DC

1

II

I

vdK

II

I

vdK

II

I

I

I

II



Table III - continued

Galaxy Name(s) Flux density Source size
(mJy) (arc sec)

Mark 236

Mark 237

Mark 783

Mark 64

Mark 789
/VIII Zw 323

Mark 268

Mark 270
/NGC 5283
/UGC 08672

Mark 271
/NGC 5278
/UGC 08677

Mark 273
/UGC 08696

Mark 69

Mark 274

IC 4329A

Mark 279
/UGC 08823

Mark 464

Mark 668/OQ 208

I Zw 81

NGC 5506

NGC 5548
/UGC 09149

Mark 471
/UGC 09214

Mark 679

Mark 813

< 4

13

32.

< 4

34,

36

13

<23

134

< 4

< 5

38

21

13

774

4

315

27

:

9

< 3

±

.0 ±

.7 ±

.3 ±

.6 ±

±

.5 ±

• 2 ±

• 8 ±

±

.9 ±

±

±

.7 ±

.0 ±

4

1.2

1.0

1.6

1.4

3

1.3

1.5

1.0

17

1.6

7

2

1.0

1.0

-

~ 30

< 7

-

< 6

< 15

< 15

-

< 10

-

-

< 7

< 15

< 11

< 4

< 22

< 2

< 7

< 17

< 14

_

Radio position"1 (1950.0)
Right ascension, a_ Declination, 6 r

Radio-Optical Position Difference

12 59 03.5 ± 0.5 +48 19 43 ± 6.0 +12.0 ± 6.4 -7V0 ± 7V2

13 00 30.47 ± 0.04 +16 40 33.5 ± 1.2 +1.6 ± 0.7 0V0 ± 1V2

13 29 55.53 ± 0.04 +11 21 49.8 ± 1.6

13 42 51.64 ± 0.11 +56 08 13.8 ± 1.0

13 46 27.79 ± 0.04

13 51 53.74 ± 0.4

13 53 45. i1 ± 0.08

14 04 45.73 ± 0.04

14 06 20.39 ± 0.47

14 10 39.12 ± 0.04

14 15 43.5 ± 0.15

14 20 46.77 ± 0.16

14 21 17.52 ± 0.10

-30° 03:i ± 0:5

+69 33 11.2 ± 2.0

+38 49 12.0 ± 1.3

+28 41 29.2 ± 0.7

+49 05 52.8 ± 6.0

-02° 58C3 ± 1:0

+25 22 01 ± 4.7

+33 04 44.1 ± 3.7

+33 05 58.1 ± 2.2

+0.9 ± 1.2

13 38 53.98 ± 0.11 +30 37 48.4 ± 3.0 -0.6 ± 1.5

13 39 41.86 ± 0.6 +67 55 28.6 ± 3.6 +2.5 ± 3.4

+0.7 ± 4.1

-1.0 ± 0.7

+0.8 ± 2.0

-0.6 ± 0.9

+1.2 ± 0 . 6

+0.3 ± 4.6

-0.2 ± 0.7

+0.2 ± 2.1

-4 . ± 5.

-6 . ± 5.

+5f.'2 ± 1:9

-K0 ± 3:o

+1V2 ± 3V6

-972 ± «VI

+OC5 ± 0:5

-2:0 +. 2Ï0

+4V7 ± 1Ï3

+0V4 ± 01'7

-3Ï4 t 6V1

-0:i ± i:0

-0Ï1 t 4'.7

+4V0 ± 6V0

+4Ï0 ± 6V0

Reference for
Optical Position0

P

P

C

P

MM

C

C

Paper

I

I

II

I

II

I

I

c

p

mi

c

c

c

ml

c

c

K

MW

I

I

III

I

II

II

II

I

vdK

II

II

II



Ui Table III - continued
.p-

Galaxy Name(s) Flux density Source s i ze Radio position* (1950.0) Radio-Optical Position Difference*1 Reference for P«perd

(nJy) (arc aec) Right ascension, o , Declination, « r o r - oQ « r - 6Q Optical Position0

Mark 474 < 3 - - - - - C n
/NGC 5683

Mark 817 10.0 ± 0.7 < 11 14 34 5 7 . 8 3 * 0 . 1 1 +59 00 39.4 ± 1 . 0 -0.3 ± 0.9 +0:4 ± i:o C II
AJGC 09412

Mark 477/1 Zw 92 58.3 ± 1 . 6 < 6 14 39 02.60 ± 0.06 +53 43 04.2 ± 0.6 +0.4 ± 0.6 +0:2 ± 0:7 C II

Mark 478 5.6 ± 1.0 < 17 14 40 05.04 ± 0.17 +35 39 09.5 ± 3.4 +6.0 ± 2.1 +2:1 ± 3:5 C II

Mark 841 < 6 - - - - - C II

Mark 845 4.5 ± 1.0 < 19 15 06 12.64 ± 0.29 +51 38 39.4 ± 3.4 +0.7 ± 2.9 +2:4 ± 3:6 HW II

Mark 849 < 3 - - - - - MW II

Mark 289 < 8 - - - - - P I

4C 35.37 578 ± 1 2 - 1 3 15 31 45.12 ± 0.04 +35 54 43.5 ± 0.6 -1.5 ± 0.7 +2K9 ± 0:B «Ml II

Mark 290 5.2 ± 1.4 < 30 15 34 45.40 ± 1.3 +58 04 03.3 ± 12.0 +4.5 ± 1.3 +2V8 ± 12:0 C I

Mark 486 < 3 - - - - C II
/I Zw 121-1

Mark 291 < 5 - - - - - C I

Mark 292 <10 - - - P I

Mark 298 4.3 ± 0.8 < 30 16 03 22.00 ± 0.2 +17 56 25.7 ± 9.0 +1.5 ± 2.9 +14:4 ± 9:0 C I
/IC 1182
/UGC 10192

Mark 299 <29 - - - - - P I

Mark 871 6.8 ± 0.7 < 14 16 06 15.41 ± 0.08 +12 28 00.8 ± 5.4 -1.9 ± 1.2 +16:7 ± 5:4 C II
/IC 1198

Mark 876 < 5 - - - - C II

Mark 877 < 6 - - - - - MW II

Mark 699 < 3 - - - - - C II
/III Zw 77

Mark 883 23.2 ± 0 . 8 < 8 16 27 47.19 ± 0.05 +24 33 04.1 ± 1.0 +1.1 ± 1.2 -2:6 ± K4 MW II

Mark 504 < 3 - - - - . C I I

Mark 700 12.1 ± 1.4 < 13 17 01 21.49 ± 0.07 +31 31 37.3 ± 1.6 -0.5 ± 1.0 -0:2 ± K7 HM1 II
/UGC 10675



Table III - continued

Galaxy Name(a) Flux density Source size
(mjy) (arc sec)

Mark 506

Mark 507

NGC 6764 Core
/UGC 11407 Total

NGC 6814

Mark 509

11 Zw 136
/UGC 11763

Mark 304

Arak 564
/UGC 12163

Mark 315

MCG-2-58-22
/Mark 926

NGC 7603/Mark 530
/UGC 12493
/Arp 92

T2327-027

NGC 7714
/UGC 12699

Mark 541

Mark 543
/HGC 7311
/III Zw 127

4.3

< 3

90
113

< 5

12.5

9.8

< 4

27.6

23

34.0

(26.7

(5.4

45

< 3.3

(4.3

±

±
±

±

±

±

±

±

±

±

±

±

1.0

3
4

1.0

1.6

1.2

2

2.0

2.0)

1.0)

3

1.2)

< 20

-

< 5
~ 70

-

< 12

< 16

-

< 8

< 20

< 20

< 10

< 17

< 15

-

< 22

Radio position8 (1950.0) Radio-Optical Position Difference1"
Right ascension, a r Declination, 6 r <xr - aQ 6 r - 6 0

17 20 56.61 ± 0.24 +30 55 27.9 ± 6.0 +0.6 ± 3.1 -1K'6 ± 6:0

19 07 01.29 ± 0.06 +50 51 07.7 ± 0.6 +0.7 ± 0.6 -0V4 ± 0Ï7

20 41 26.10 ± 0.06 -10° 58U ± 2 : 6 -2.6 ± 1 . 0

21 30 00.69 ± 0.12 +10° 0K9 ± 7:9 -7.2 ± 1.8

22 40 18.38 ± 0.05 +29 27 47.2 ± 1.0

23 01 35.80 ± 0.2 +22 21 17.0 ± 6.0

23 02 07.21 ± 0.04 -08° 58:9 ± KO

23 16 22.85 ± 0.05

23 27 57.89 ± 0.14

23 33 40.7 ± 0.08 +01° 50'

23 59 52.60 ± 0.32

-2.1 ± 2.3

1 w : o +3.0 ± 4.2

-1.2 ± 4 . 8

-3:8 ± 2:6

+6:9 ± 7:9

+0

+1

+0

-0

.7

.6

.7

.3

±

±

±

±

1

2

0

0

.2

.8

.8

.8

-O'/4 ±

+0:6 ±

-1:6 ±

1

6

1

r4

"0

:o

-2:8 ± 10:0

Reference for
Optical Poaltlonc

C

p

C

C

C

C

C

MW

C

HM1

Paper"

II

III

II

I

III

III

I

II

I

III

1*2

nc

c

c

in

in

1

in

in



Ln Notes to Table III
&>

a The right ascension, a r , 1B always given as: h m a ± e. The declination, 6 r , Is given as: ° ' " ± ", unless otherwise Indicated.

b The right ascension position difference, a r - a , Is always given as: " ± ". The declination position difference, S - 6 . , Is given as: either " ± " or * ± '
as Indicated. °

c Code for references to optical positions:
C - Clements (1981) HW - Heurs and Wilson (1981, Paper II)

DC - Dressel and Condon (1976) P - Peterson (1973), corrected for Mas as described ln Wilson and Heurs (1978)
G - GallouSt, Heldmann and Damplerre (1975) S - Sehoennaker, quoted ln de Bruyn and Wilson (1976, Paper I)
K - Kojoian, El l iot t and Tovmassian (197B) WH1 - Wilson and Meurs (1978)

WM2 - This paper, see notes to Table II

Code for paper ln which result was reported:
vdK - van dar Krult (1971)

I - de Bruyn and Wilson (1976)
II - Meurs and Wilson (1981)

III " This paper.



CHAPTER IV. LUMINOSITY FUNCTIONS OF SEYFERT GALAXIES

Outline of this chapter

A sample of Seyfert galaxies that occur in the first nine

lists of the Markarian survey is studied in order to obtain

optical and radio luminosity functions for these objects»

Incompleteness effects at both bright and faint apparent magni-

tudes are corrected for, assuming the objects to be uniformly

distributed in Euclidean space. To have an acceptable level of

incompleteness the sample is restricted to objects brighter than

m =15.5 in deriving the luminosity functions (LF's), The 1/V
P max

contribution of each galaxy to the space density per absolute

magnitude interval leads to a determination of the optical LF.

The result obtained agrees veil with previous determinations

of this function. A comparison of this result with LF's derived

for related types of objects shows that the Seyferts are presu-

mably related to the optically selected quasars. It is found

that the LF of field galaxies must flatten considerably at

high luminosities due to a contribution of active galaxies.

Radio data are available for 90!? of the restricted sample

of Seyferts, mostly from the Westerbork survey of these

objects in X21 cm continuum radiation. An optical-radio

bivariate LF is constructed for the objects in the sample,

and combining this with the optical LF the radio LF (RLF)

is derived. This result is again compared with RLFf3 as found

for other categories of objects. The RLF of Seyfert galaxies

is likely to continue as the RLF of optically selected

quasars. Attention is payed to the still undetected Seyfert

galaxies.

1. Introduction

Seyfert galaxies are defined as galaxies with intense,

broad emission lines that arise in their nuclei. These galaxies

usually have bright nuclei with a stellar appearance. According
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r
to the widths of permitted and forbidden lines the Seyfert

galaxies are divided in two types (Khachikian and Weedman 1971*):

in type 2 Seyferts both sets of lines havw widths of the order
2 -1

of several 10 km s ; so do the forbidden lines in type 1 Seyferts,

but the permitted (hydrogen) lines then have very broad wings

exceeding 10 km s~ . The optical properties of Seyfert nuclei

have much in common with those of quasars, and it has been

suggested (e.g. Weedman 1976) that both kinds of objects may

be closely related. This is then supposed to apply to radio quiet

quasars rather than radio loud ones as the Seyfert g&laxies are

relatively inconspicious at radio wavelengths.

Early radio studies by Wade (1968) and Van der Kruit(1971)

of a few bright Seyfert galaxies that have HGC designations,

showed the active nuclei of this type of galaxies to emit at

moderate radio powers. Several Seyfert galaxies were detected

subsequently in radio surveys of the Markarian galaxies (Sramek

and Tovmassian 1973; Sulentic 1976). Many more Seyfert galaxies

were found to be radio emitters in an extensive survey of this

kind of galaxies carried out with the Westerbork Synthesis Radio

Telescope (WSRT) in A21 cm continuum radiation (1^15 and 1k12 MHz).

In this survey, Seyfert galaxies mainly from the first five Mar-

karian lists (see S 2.1) were observed by De Bruyn and Wilson

(1976, hereafter Survey Paper 1). Meurs and Wilson (1981, Survey

Paper 2) and Wilson and Meurs (1982, Survey Paper 3) extended

this work, besides Seyfert galaxies from other sources, to later

Markarian lists. The WSRT detections usually concern unresolved

sources, in contrast to the large double-lobe structures frequent-

ly associated with quasars and radio galaxies (ellipticals).

With the information on the radio sources in Seyfert galaxies

as obtained with the WSRT, it now becomes possible to derive their

radio luminosity function (RLF) as a class of objects, and to

look for possible clues regarding their relation to other types

of (active) objects. Their optical luminosity function has

been determined previously, based on a smaller or less homogeneous-

ly selected number of objects than is used in this chapter (for

example Notni and Richter 1972j Huchra and Sargent 1973; Terebizh

1980). It is therefore of interest to consider both optical (§ 3)
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and radio (S b) LF's for the sample of Seyfert galaxies that

is studied here. Throughout this chapter a Hubble constant of

50 km s" Mpc~ is used.

2. Observational data

Most of the Seyfert galaxies observed in Survey Papers 1

through 3 were drawn from the compilations by Weedman (1977,

1978), in which data for 121 objects are given. A more recent

listing prepared by Huchra (1981) gives about 215 Seyfert

galaxies, including several ones discovered recently and

still unpublished.The Seyfert galaxies thus available stem from

a variety of sources (spectroscopie and morphological surveys.

X-ray surveys, and other discoveries of various kinds) and

constitute a very inhomogeneous sample of objects.

By far the most of these galaxies were recognized as

Seyferts after their discovery in the Markarian survey of ga-

laxies which have an ultraviolet continuum. The galaxies from

the Markarian lists provide presently the largest sample of

objects obtained in a homogeneous way from which potential

Seyfert galaxies can be selected. Though increasingly incom-

plete at apparent magnitudes fainter than m **• 15, these sur-

veys are thought to provide a representative sample of galaxies

with UV excess (Sargent 1972; Huchra and Sargent 1973; Terebizh

1980; see also below, S 3.3).

2.1 The sample used

The Markarian Seyfert galaxies for which radio data have

been obtained are mainly from the first nine lists of the

Markarian survey (Markerian 1967, 1969a, 1969b; Markarian and

Lipovetskii 1971, 1972, 1973, 197<t, 1976a, 1976b). We therefore

confine ourselves to these first nine lists of the survey. This

part of the Markarian survey covers an area of the sky of about

11000 square degrees.

The listing of Huchra (1981) that we are using in the
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present chapter contains 96 galaxies from these first nine lists

that have Seyfert classifications (types 1 or 2). We have made

a small number of alterations in this collection of galaxies,

i) Four galaxies found during the Markarian survey were left

out of the published lists as they were also hearing Zwicky

designations. On other occasions however, such Zwicky

galaxies have apparently been included in the lists. There-

fore we included these four galaxies in our sample (viz, I Zw 1,

II Zw 1, II Zw 136, III Zw 2).

ii) Four Markarian galaxies have been added to our sample as

well: Marks 1U2, 1»71, 618 and 716. These four galaxies

are usually considered as type 1 Seyfert galaxies. This

attribution is based on observations by Osterbrock (1977)

for Marks 1^2 and 618, Khachikian and Weedman ('\9lh) for

Mark U71, and Osterbrock et al. (1978) for Mark 716.

iii) Three Markarian galaxies in Huchra's list of which the

classification as Seyfert galaxy is considered doubtful

have been left out of our sample: Marks 700, 883 and 877.

Mark 700 (Koaki 1978) and Mark 883 (Hatfield and Osterbrock

1980) may be narrow emission line galaxies or only very

weak type 2 Seyfert galaxies. Mark 877 may be considered

a q.ao rather than a Seyfert galaxy (Markarian and Lipovetskii

1976b).

The final sample of 101 objects thus arrived at is given in

table 1 (Mark numbers in column 1) that also lists some obser-

vational data, further discussed below. In this table the

galaxies are arranged in order of their Markarian numbers; the

four Zwicky designated galaxies are placed at the end of the

table.

2.2 Optical data

Columns 2 through 5 of table 1 list relevant optical data

on the sample of Seyfert galaxies that was described in the

preceding section. The classifications as type 1 or type 2

Seyfert (column 2) are taken from Huchra (1981), except for

some of the galaxies added to the sample of galaxies from his
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listing. The four Zwicky designated galaxies occur as such

also in Huchra's listing, and the other four additional

galaxies have type classifications from the literature quoted

in § 2.1.

The. apparent magnitudes in column 3 are blue photographic

magnitudes. They were taken from the Catalogue of Galaxies

and of Clusters of Galaxies (CGCG) by Zwicky et al. (1961-1968)

whenever possible. Seyferts not occurring in the CGCG have blue

magnitudes as were given in the Markarian lists, indicated by

a colon (:) in table 1 behind their magnitudes. The magnitudes

from both sources of data are referred to as m magnitudes.

The m 's from the CGCG are also styled Zwicky magnitudes. The

Zwicky magnitudes that are available for Mark numbers < 1*01

in our sample of galaxies were provided by Sargent (1972) and

Huchra and Sargent (1973). For Mark numbers > 1*0 1 we took

them directly from the CGCG. Magnitudes for the four Zwicky

designated galaxies were taken from Zwicky (1971).

We have used in principle these Zwicky magnitudes as

they yield a rather homogeneous set of blue magnitudes for

the largest fraction of our sample compared with other possible

choices. Magnitudes for the central regions of these galaxies

probably give a better representation of the Seyfert

phenomenon, and some authors published (UBV) data of that kind

(Weedman 1973; Vêron 1979). They give however photometric data

for only a number of Seyfert galaxies in the first four or five

Markarian lists. Therefore we followed like Huchra and Sargent (1973,

hereafter HS) the procedure just described to settle the m 's
P

of our galaxies. According to Bothun and Schommer (19Ö2) the

Zwicky magnitudes give at least a reasonable representation

of the blue magnitudes of galaxies with m > 1U, as for most

of our galaxies.

The radial velocities of the galaxies are taken from

Huchra (1981) and listed in column 5 of table 1. The radial

velocities of the four additional, non-Zwicky galaxies were

again taken from the literature cited in § 2.1. Column k,
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Table I. Observational data for Seyfert galaxies

optical data

Mark nr Type m
P rad

(kras"1)

radio data

Detection S.
limit

(mJy)

1415

(mJy)

log

(WHz

1415 Comments

1

6
9

10
34
40
42
50
64
69
78
79

106
110
124
141
142
176
198
205

1231
236
266
26B
270
273
279
290
291
298
304
308
309
315
334
335
348
352
358
359
372
374
376
382
391
403
423
463
464
471
474
477
«78
486
493
504
506
507

2
1
1
1

|
1

1
2

2

2
2

I
1

2

1

2

2
1
1

2

1

15.2
13.8
14.8
15.2
14.0
16.o:
16.0:
15.2
15.5:
17.0:
16.5:
15.0:
13.3
16.0:
16.0:
16. a:
15.2
16.5:

\t:l
\t:V
17.0:
14.1
15.3
14.3
15.0
14.5
15.0:
15.0
15.2
14.6

\t:l
14.8
14.4
14. o:
15.0
14.8
15.0
13.8
15.0
15.5:
16.0:
15.5
13.9
15.4
14.9
14.8
16.5:
14.5
15.5
15.2
15.0:
15. 0:
14.9
17.1

-19.8
-21.0
-20.5
-21.8
-22.3
-21.5
-19.4
-20.6
-20.2 . ._ .
-23.2 55144
-21.8 22830
-21.9 11158

6586
37065
10800
16931
11700

4800
4110
5400
11700
8700
15S43
6060
7200
7013

-22.4
-23.4
-20.7
-21.7
-21.7 __
-20.7 13549
"" " 8018

7169
20978
12287
14985
825 7
12287
2697

-21.3
-20.6
-23.7
-22.9
-20.4
-22.0
-21.7
-19.4
-21.8 11388
-21.B 9060
-21.3 9030
-21.7 10558

10245
19750
6998
12603
11620
6850
7702
4545
4636
13584
5012
9290

:!!:£
-22.1
-21.4
-22.0
-19.9
-20.2
-22.3
-21.3
-21.4
-21.8 13186
-21.8 16783
-21.2 10189
-20.6 3896
-20.5 7225
-21.5 9632
-22.6 15140
-20.9 15284

10200
10650
11200

,0
15.3
16.0: -21.6

3?:*
-21.6
-23.4 23676
-21.9 11700
" ~ 9386

11000
-21.5
-19.8
-21.8 12287

16750

4.0
4.0
4.0
4.0
4.0
6.0
0.9
4.0
4.0
4.0
4.0
4.0
4.0
5.0
4.0
4.0
4.0
4.0
9.0
4.0
Q.I
4.0
4.0

24.0
4.0
4.0
4.0
4.0
4.0
5.0
2.0
4.0
9.0

6.0
22.0
8.0
4.0
4.0
4.0

22.0
1*2
9.0

10.0
4.0
1.2

47.0
3.0
3.0
3.0
3.0
3.0
3.0

3.0
3.0
3.0

68.0
1060.0
270.0

c 4.0
: 4.0

16.5
1.2

: 4.0
: 4.0
: 4.0
: 4.0

33.0
18.8

: 5.0
11.1
6.9

: 4.0
: 4.0

21.0
6.1
3.0

260.0
4.0

150.0
36.3
13.6

134.0
21.2
5.2
5.0
4.3
4.0

17.0

23.0
29.0
8.0

340.0
4.0
4.0

22.0
2.4

13.3
10.0
4.0
6.8

400.0
13.8
5.7
3.0

58.3
5.6
3.0

3.0
4.3
3.0

22.87
23.93
23.58

<22.42
<22.16
23.28
21.32

<22.00
<21.97
<23.11
<23.00
23.29
22.59

<23.52
22.79
22.98

<22.42
<22.55
22.81
22.18
22.80
24.27

<22.63
23.69
23.42
21.68
23.92
22.92
22.31

<22.43
22.33

<22.87
22.60

P3.17
22.81

<22.36
23.53

<21.61
<22.55
<22.42
22.00
23.04

<23.13
<22.30
21.69

24.64
23.19
22.45

<22.21
23.5*
23.Id

<22.29

2
1

1
1

>2.24
22.49

<22.61
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gives the absolute blue photographic magnitude M for
P

each galaxy, calculated from the apparent magnitude, the

radial velocity and the galactic absorption A • The magnitudes

m are close enough to the photo-electric 3 magnitudes to

justify using the galactic absorption law found by Sandage

(1973): A = 0.132 (cosec |b| -1) mag. This relation is used

for |b| <U0°, For |bj >50° it is assumed that A =0 mag as

the galactic polar caps appear to be essentially absorption-

free (Sandage 1975). Between |b|=l*0° and 50° a smooth decrease

to zero is performed by A =0,0071+ (50-|b|) mag in this range.

Information on the optical positions of the Seyfert galaxies,

necessary to calculate the galactic latitudes b, is given in

chapter II of this thesis.

2 . 3 J J i _ £ _
Most of the existing radio observations of the galaxies

in our sample are found in Survey Papers 1 through 3. As

mentioned in § 1, these observations were performed with the

WSRT at 1U15 (and 1h12) MHz. In the present paper we will also

consistently use this frequency of IU15 MHz.

Upper limits to the flux densities of Marks Uo, 372 and

391 were given in Survey Paper 1j they were detected subsequently

as reported in Survey Paper 3 after WSRT full 12 hours synthesis

observations and these values have of course been used. The flux

density of Mark 205 has also been obtained from a 12 hours

synthesis (Willis 1979); this is essentially the sane value as

quoted in Survey Paper 1.

Twenty galaxies in table 1 were not contained in our WSRT

11+15 MHz survey of Seyfert and related galaxies. The majority

of these have been recognized as Seyfert galaxies only after

our WSRT observations had been planned. We have searched

for radio observations of these galaxies in the literature.

Successful cases are listed in table 2, where column 1 gives

the Markarian (or Zwicky) number, columns 2 and 3 the flux

density and the frequency of observation respectively, and

column k the corresponding reference to the literature. These

radio data were usually obtained at frequencies different from

1^15 MHzs by applying a nominal radio spectral index of 0.7
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we calculated the flux densities at 1*»15 MHz,

unless further information on the radio spectra

was available (see the notes to table 2). These are listed

in column 5 of table 2, and have subsequently been used in

table 1.

Objects for which too high an upper limit was found to

yield meaningful information about the radio power have been

left out in the analysis in section k below. They have a

proper indication in the comments column of table 1. Also,

Seyferts for which the radio data are given in table 2 or no

radio data were found have appropriate comments in that table.

The radio luminosity function for Seyfert galaxies is

derived in § h. In the method used, the minimum radio power,

sufficient for detection by the radio observations that have

been made, is computed. This power is calculated from the radial

velocity and the detection limit achieved in the radio observation

of each galaxy; it is the upper limit to the radio power in

case the galaxy was actually not detected. In the WSRT Seyfert

survey the detection limit was adopted as three times the r.m.s.

noise or somewhat higher in cases with residual confusion from

intense sources in the field. The detection limits appear in

Survey Papers 1 through 3 directly in the upper limits to

undetected galaxies, and have been used for instance in calculating

the errors in the flux densities of detected galaxies. For the

galaxies in table 2 a corresponding detection limit has been

extracted from the literature.

The radio data in table 1 then give the detection limit

of the observation in mJy (column 6); S.i ,

the flux density per beam area at 1U15 MHz in mJy (column 7);

and P1il1irt the monochromatic radio power at Ikl5 MHz in WHz~

(column 8).
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Table 2. Radiodata for Seyfert galaxies from other sources.

Mark Nr Ref

(1)

(mJy)

(2)

(MHz;

(3) (U)

(mJy)

(5)

266X

308

331»*

359

U63*

533*

686

Thk*

IIIZw2d

103

190

17

15

25

< 15

526

350

221

50

< 15

17

227

270

11* 1 5

11* 1 5

1U10

2380

2380

2380

Ut10

1U1 5

1U00

8085

2380

2380

2695

1*995

s
31,
B1

DC

B2

DC

S

*

S

CD

DC

DC
K2

B 2 }
 15°

17

} 29
< 22

| itOO

J 219

< 22

2k

1

WM
190

Referencing code (also used in the notes below):
B1=Bieging et al. (1977); B2=Biermann et al. (1980); CD=Condon
and Dressel (1978); DC=Dressel and Condon (1978); K1=Kojoian
et al. (1976); K2=Kojoian et al. (1980); WM=Wilson and Meurs
(unpublished); S=Sulentic (1976); ST=Sramek and Tovmassian
(1975).

Notes to table 2 (indicated by ):

Mark 266: The flux density in column 5 is a mean of 103 mJy
in reference S, measured at 1U15 MHz, and 190 mJy
as is found from observations by B1 and B2 at
2700 MHz and 5000 MHz, respectively, by extrapolation
to 1U15 MHz. This 5000 MHz flux density agrees with
observations by K2 and ST, but the 2700 MHz one
differs from 5.

Mark 33^: The mean of both 2380 MHz flux densities is used
to calculate the 1k15 MHz flux density in column 5.
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Mark h63: The flux density at 1U15 MHz in column 2 is found
from extrapolation of the observations at 2700 MHz
and ca. 5000 MHz by S, K1 and K2. A mean of both
fluxes quoted in column 2 is used for column 5.

Mark 533: The flux densities in column 2 yield a radio
spectral index «=0.85 (Sov" ), which is used
to calculate the 1U15 MHz flux density in column
5. This representation of the radio spectrum is
consistent with other measurements around 2600 MHz
and 5000 MHz by CD, K2 and S.

Mark Jhk: According to .DC some confusion may be present in
their observation.

Ill Zw 2: This source is known as rapidly variable. The two
flux densities in column 2 have about the same
epoch. The radio spectral index at that time was
a=-0.28 and is used to calculate the flux density
at IU15 MHz in column 5.

The optical luminosity function of Seyfert galaxies

A few earlier determinations of the optical luminosity

function of Seyfert galaxies were mentioned in § 1. Sargent

(1972) used only eight Seyferts (with m < 16.5) from the
P

first two Markarian lists. This work was extended by Huchra
and Sargent (1973) to include 31 Seyferts (with m < 15.5)

P
from the first four Markarian lists. The much larger sample

of 121 Seyferts in Terebizh (1980) is less homogeneous.

Besides Seyfert galaxies occurring in the first eleven Markarian

lists, his sample contains for example Seyferts (or rather

N type galaxies and/or radio galaxies) from the 3C and Uc

radio source catalogues as well, and he does not introduce

a limiting apparent magnitude. His sample includes 81» Seyferts

from the first nine Markarian lists, of which 82 are in common

with our sample (two have an other classification in our

discussion). This number of 82 is to be compared with the 101

galaxies that constitute our sample. With a more complete and

more homogeneous sample of Seyfert galaxies available than

used by previous authors, we decided to make a new determination

of the optical LF. In this paper we follow the method outlined

by Sargent (1972), and applied again by HS
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3.1 Completeness of our sample

Sargent (1972) demonstrated the Markarian survey of

galaxies to become increasingly incomplete at apparent magni-

tudes fainter than m ~ 15» This conclusion was confirmed
P

by HS from a larger number of objects, including those of

the former study. They made use of all Markarian galaxies

in the lists under study for which redshifts were available.

There are, however, a number of subgroups discernable among

these galaxies. Various studies have shown that Seyfert

galaxies comprise about 10$ of the Markarian objects. The

majority, about 85$ of the Markarian objects, are galaxies with

emission line spectra caused by hot stars and associated HIT

regions (cf. Weedman 1973). The remaining 5% are galactic

stars, BL Lacertae objects and quasars. The Seyfert galaxies

generally have bluer colours and may be more centrally con-

densed than the other Markarian galaxies. It is possible

therefore that the Seyferts in the Markarian survey were

picked out to a degree of completeness that is somewhat

different from that of other galaxies. The rather large

number of Seyfert galaxies in our sample permits us to

restrict a determination of the incompleteness of the

Markarian objects to the Seyferts alone. Also Terebizh (1980)

considers only the incompleteness of his sample of Seyfert

galaxies, using his entire, less homogeneous sample.
A plot of log Ij(m ) versus m for the Markarian

P P

Seyferts that constitute our sample is shown in figure 1;

N(m ) is the number of objects with apparent magnitude

brighter than m . The full line in the figure has the slope of

0.6 which is expected for a complete sample of objects that

is uniformly distributed in Euclidean space. The figure

reveals that at both faint and bright apparent magnitudes

the sample is incomplete} it seems to be rather complete in

the range m = 1U-15*
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Figure 1«
Plot of log N(m ) versus m
for all the 'Seyfert P
galaxies in table 1 (dots).
The error bars are calculated
according to formula 3 in
Terebizh (1980). The full line
has slope 0.6 (see text). The
values of log N(m ) corrected
for missing ^bright
objects (see § 3.2) are also
shown (crosses). The dashed
line with slope 0.6 corresponds
to these corrected values.

The general conclusion of incompleteness towards fainter

magnitudes agrees rather well with HS. Beyond m =15.5 their

i-urve for Markarian galaxies in general flattens less drasti-

cally than our curve for Seyferts alone. This may be explained

by a spectroscopie bias: less spectroscopie work and greater

difficulty in recognizing Seyfert phenomena in galaxy spectra

towards the fainter magnitudes lead to fewer Seyfert

classifications at m > 16. This does not cause particular

problems with respect to our LF derivations as we will then

use only Seyferts with magnitudes for which the sample is

still reasonably complete (see below § 3.M.

The incompleteness at the brightest magnitudes tallies

with the statement by Markarian (1967) that galaxies brighter

than m = 1 3 usually have been omitted from bis tables as many

of them appear in a list of galaxies with anomalous spectral

features (Markarian 1963). Indeed a number of bright Seyfert

galaxies is included in that list. Terebizh (1980) and Veron

(1979) also mention this restriction to the number of bright

galaxies in the Markarian survey.
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r
In order to account for the objects that are missing in

our sample we adopt the following procedure. First, the

sample is made complete up to m * 1U.5 by adding a small

number of bright objects (i 3.2). Second, the increasing

degree of incompleteness at m > 1^.5 ia corrected for

by increasing the number of objects in accordance with a

uniformly distributed sample of objects (i 3.3). Then,

with these corrections applied, the LF is derived (§ 3.U),

and subsequently compared with LF's of related types of

objects (§ 3.5).

3.2 C2r*"ection_for incompleteness_at_bright_magnitudes

As is evident from figure 1, a few galaxies with

m < 1k are needed to correct for the bright Seyferts

that are missing. The actual number of Markarian Seyferts

in our sample, in 0.5 magnitude intervals, is given in

table 3 (column 2; each m value refers to the interval

(m - 0.5, m )), and also the cumulative number of objects

at these intervals, as plotted in figure 1 (column 3;

cumulative numbers in the table refer to all magnitudes

< m at each value of m ).
P P

It is easily found that addition of in total nine

objects with magnitudes m < 13.5 to our sample (table 3,

column h) results in an increase in the number of objects

that for the brighter ones agrees with a uniformly

distributed and complete sample of objects. The log N(m )

versus m plot with this correction applied is also

shown in figure 1. Up to m * 1U.2 these cumulative numbers

now lie along the dashed line that again has slope 0.6.

It is interesting to note that there are in fact

eight Seyferts with m < 13.5 in Huchra's (1981) list

that lie in the region of the sky covered by the first

nine Markarian lists, but do not occur in the Markarian

survey. They are listed in table k in order of increasing

apparent magnitude, along with some observational data.
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Table 3. Observed and corrected numbers of Seyfert galaxies

m nr of Seyferts
p per m^ interval

(D (2)

cumulative
nr of Seyferts,

P

(3)

cumulative nr
corrected by
adding
bright galaxies

cumulative nr
corrected at
bright and
faint magnitudes

(5)

nr of galaxies
added per
m interval

(6)

correction fac
tor in each m
interval, p

F(m )
P

(7)

12.5

13.0

13.5

1 i» . 0

1>».5

15.0

15.5

16.0

16.5

17.0

17.5

-
1

2

12

11»

23

27

13
1*

li

1

1

3

15

29

52

79

92

96

100

101

3

6

12

21»

38

61

88

101

105

109

110

3

6

12

2k

1*8

96

192

38U

768

1536

3072

3
2

1*

0

10

25
69
179
380

761*

1535

-
3

3
1

1.7

2.1

3.6

15
96
192

1536



Table k. Observational data for bright non-Markarian Seyferts

Galaxy name

sec 1068
NOC 1» 1 51

»GC 1*051

HOC 3227

NGC 3516

NGC 1*235

NGC 55U8

HGC 7U69

type

2

1

1

1*

1

1

1

1

opt ica l

°P

10.3

11.2

11.5

12.2

12.3

12.9

13.1

13.1

data

M
P

-21,5

-20.2

-19 .2

- 1 9 . 6

-21 .3

-20.5

-21 .9

-21 .8

Vrad

(km s"1)

1109

970
671*

1152

25^0

2300

1*981

1*775

B-V

1.00

0.58

0.80

0.82

0.63

0.99

0.1*8

0 .U8

U-B

-0.01

-0.57
0.05

-0.11

-0.30

1.1*0

-0.71

-0.75

detection
limit
(mJy)

100:*

3

3

3

3

2 . 1

3

0 . 5

radio

S1l*15

(mJy)

1*900

338
21

95
22

10

27

220

data

l o g P11*15

(WHz*1)

23.1*6

22.18

20,66

21.78

21.83

21.1*0

22.51

23.38

Re

KP

Kr

Kr

Kr

Kr

WM

Kr

M

Notes to table 1* (indicated by *)

1068: A detection limit is not given by K?; the value listed here is estimated frcs errcr bars drawn
by these authors.

NGC 3227: Huchra (1981) quotes a type 2 classification for this galaxy, but according to Elvis et al,
(1978) it is a type 1 Seyfert.

Referencing code:
KP-Kellermann and Pauliny-Toth (1971); Kr«Van der Kruit (1971); M-Meurs (unpublished)i WM»Wilson and
Meura (1982, Survey Paper III).



The optical data (m , UBV colour indices and V .) are taken
p rad

from the list of Huchra; the absolute photographic

magnitude is calculated as described in § 2.2. The radio

data (detection limit, flux density and radio power) come

from the references indicated in the table.

Inspection of table h shows that all of these galaxies bear

NGC designations and are well-known bright Seyferts. All

but one -NGC U235 was only rather recently recognized as a

Seyfert galaxy (Abell et al. 1978)- are indeed included in

the list of galaxies with anomalous spectral features of

Markarian (19^3) that usually have been omitted from the

Markarian lists. Five of these are in fact among the six

classical Seyferts that were first studied by Seyfert (19U3).

It is tempting to regard the galaxies in table h as

supplying most of the additional galaxies that are needed

to complete our sample at bright magnitudes. Besides the

simple fact that these galaxies are about the right amount

of Seyferts with m < 13.5 expected in the region of the

sky under study, when extrapolating from the Markarian

Seyferts, there are some more arguments that support this

idea.

From the total number of galaxies with m < 13.1 (the
P

faintest magnitude in table h) the number of Seyfert galaxies

expected to be present among them can be roughly estimated.

In the Revised Shapley-Ames Catalog of Bright Galaxies (here-

after abbreviated as RSA) published by Sandage and Tammann

(1981), with a probably almost complete listing of galaxies

brighter than B - 13.^ and with 6 > -3° (see RSA, page 93),

there are about 600 galaxies with m < 13.1 and with 6 > -3°.

Here we have used a mean zero point difference B_ - m * -0.3

(RCA, page 131). With about )0% of all galaxies being Markarian

galaxies (according to HS) and 115 Seyferts among the Markarian

galaxies -as our sample of 101 Deyferts stems from the 895

galaxies that comprise the first nine Markarian lists- we

may expect about six Seyferts with m < 13.1. This number is

indeed of the right order of magnitude, although its derivation
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is of course rather crude» It is noted that the RSA Catalog,

though covering the entire sky north of 5 = -3° in this

estimate, has hardly any galaxy vithin + 20° of the galactic

equator, a region that was excluded in the Markarian survey.

As to the possibility that the galaxies in table h would

indeed have been found in the Markarian survey, it is instructive

to consider their colour indices. It has been observed that

the Markarian galaxies have a distribution of galaxy colours

that partly overlaps with that of field galaxies and extends

towards bluer colours (Huchra 1977). The Markarian Seyferts

appear to have a larger blue excess and occupy a more extreme

region in the colour-colour diagram (Weedman 1973). This

is indicated in figure 2, adapted from Weedman, where the

(U-B), (B-V) colour indices of table h are plotted. Evidently,

the colours of all galaxies but one (i.e. NGC 1+235) are in

-1.0

U-B

-0.5

0.0

+ 0.5

+ 1.0

+ 1.5

\ 4ÊÈÈ

Main Sequence^ ^w

/

Other /
Markariarv
galaxies

I i

Markarian _
Seyferts

W\

i

Figure 2.
Colour-colour diagram, with
the regions occupied by
Markarian Seyferts and by
other Markarian galaxies
indicated by the hatched
areas (adapted from Weedman
1973). The crosses refer
to the bright Seyfert galaxies
listed in table k.

-0.5 • 0.5 +1.0 B-V + 1.5
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r
the region of the diagram usually occupied by Seyfert galaxies.

We conclude that these seven galaxies were likely to have

occurred in the Harkarian lists if such bright galaxies had

been included as well. We can even guess in which of the

nine lists that we are considering they should have occurred,

quoted here between parentheses: NGC 1068 (6), NGC 3227 (8),

NGC 3516 (2), NGC 1*501 (3), HGC U151 (5), NGC 55W (7),

NGC 7^69 (6) and, only as far as the region of sky is concerned,

HGC 1*235 (8).

3.3 Correction for incompleteness at faint magnitudes

The log N(m ) versus m plot (figure 1) corrected by

adding a few objects brighter than m «13.5 deviates beyond

m * 1l».2 from the (dashed) line with slope 0.6. This indicates

that our sample, corrected for missing bright galaxies, still

becomes increasingly incomplete at faint magnitudes (m > 1U.2).

Following Sargent (1972) this incompleteness at faint magnitudes

is corrected for by multiplying the number of galaxies in

each m interval by correction factors that make the number

of galaxies brighter than m , N(m ), to follow the line with

slope 0.6 in the log N(m ) versus m plot. The assumption is
P P

that the galaxies that were not found in the Markarian survey

are similarly distributed in absolute magnitude (or redshift)

as the galaxies in the survey are. This seems to be reasonably

justified by the conclusion of HS that there is only a small

trend for the more luminous galaxies in the survey to have

a somewhat higher level of incompleteness.

In table 3 the resulting cumulative number of objects

at each m , after correction for incompleteness at bright and

faint magnitudes, is listed in column 5. The number of objects

that accordingly should be added in each m interval to the

number of galaxies that were actually found in that interval

is given in column 6. The corresponding correction factor

F(m ), equal to the ratio of corrected number of objects to

number of objects discovered in the survey (within each m

interval), can be read off in column 7.
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Note that we have determined this correction (for

m > 1U) per 0.5 magnitude intervals, whereas Sargent (1972)

and also HS use 0.1 magnitude intervals. We believe that

our correction procedure better represents the actual

incompleteness as steadily increasing with fainter m . The

reason for this is that for part of the galaxies in our

sample no Zwicky magnitudes are available, but only the

magnitude estimates in the Markarian lists. These magnitude

estimates are less accurate than the Zwicky ones, and are

given to halve magnitudes only.

When working in 0.1 magnitude intervals, the effect of

these less accurate magnitudes on the correction factors is

an F(m ) that sometimes unrealistically varies with m .
P P

This is illustrated in figure 3 where the F(m ) calculated

F|m

15.5

Figure 3. Corr e c t i o n s factors F(m ) discussed in the text.
Crosses: our determination; pointl: from HS, To show the run
of F(m ) with m , lines are drawn connecting the crosses (full
line) end the pBints (dashed line). The constant F(m ) = 1.93,
indicated by the horizontal line, is mentioned in §3?3.

76



from table h of HS is compared with our result over the

magnitude range m = 1U—15•5 common to both determinations}

note the drop in F(ai ) at m = 15.0 and 15 • 5 • It is also
P P

observed from this figure that the overall agreement of both

determinations is, in fact, rather good. HS use after all

only a mean correction factor of 1.93 in their subsequent

calculations; this constant correction factor is indicated

in figure 3 as well.

Inspection of column 7 in table 3 shows that the

correction factor F(m ) has acceptable values up to

m w 15.5; beyond this magnitude the values of F(m ) become
P P

rapidly larger. In the next section we will therefore, like

other authors, derive the LF from the galaxies in our sample

with m < 15.5. In order to facilitate the subsequent

calculations we use in this magnitude range the analytic

approximati on

{ 3 for mp = (13, 13.5)

k (lU-m ) +1 for m = (13.5, 11»)
log F(m ) = 0.37 (m -1U) for m = (1U, 15.5)

P P P

This approximation follows the values in column 7 of table 3

very well.

The numbers in table 3 further suggest that, in the

region of sky under study, still about one hundred Seyfert

galaxies should be discovered in the magnitude range m = 1U—15•5

(see column 6), and an even larger number at fainter magnitudes.

Since probably only a fraction of the Seyfert galaxies in the

Markarian survey has been recognized as such at faint magnitudes

(cf. § 3.1), it seems likely that some of the still undiscovered

Seyferts can be found among the (fainter) Markarian galaxies.

The objective prism survey conducted at Cerro Tololo (Smith

1975) provides candidates for active galactic nuclei and

quasars to fainter magnitudes and probably with a higher

degree of completeness than the Markarian survey. It would
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be interesting to make a deep spectroscopie study of overlapping

areas in these two surveys.

Although the lists with extragalactic emission line objects

discovered at Cerro Tololo, as published by workers of the

University of Michigan, give only rough visual estimates of

the blue magnitude and tentative classifications, it is

interesting to note that for example their first list (MacAlpine

et al. 197T) has at least four possible type 1 Seyfert galaxies

brighter than m " 16 in about 135 square degrees» The Markarian

survey has two additional bona-fide Seyferts in the same region

of sky (one of these a Zvicky designated galaxy that vas added

to our sample, cf. S 2.1). Over the region of sky considered

in this chapter these six galaxies would correspond to about

500 Seyferts brighter than in * 16. Although only a rough

estimate, this number is of the same order as the 38k Seyferts

predicted in table 3. This suggests that indeed many more

Seyferts await discovery at fainter magnitudes. Interestingly,

three out of the four possible, but apparently not yet confirmed

(not in Huchra 1981), Seyferts listed by MaeAlpine et al. (1977)

are also Markarian galaxies.

3.1* Derivation °£_th,e_optical_LF

The corrections discussed in the two preceding sections

now permit the derivation of the LF of Seyfert galaxies. We

do not use the entire sample of Seyferts, but pose two

restrictions in this derivation:

i) we take only galaxies with m < 15.5 in order to avoid large

correction factors (see S 3.3){

ii) in order to avoid possible cosmological effects we exclude

galaxies with z > 0.1; of these objects (h) onlj one has in < 15.5.

With these two restrictions effectuated, 78 galaxies remain

in the LF derivation.

The calculation of the LF is performed in 1.0 mag intervals

in absolute magnitude (the absolute magnitudes were given in

table 1). In each M interval the space densities follow from

the expression
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•'«pi • £ Mpc" mag" i

Here n(M ) is the number of galaxies in the 1 mag interval

around each (integral) value of M , -j^ the fraction of the

sky covered by the sample, and V the volume of the maximum

sphere in which each galaxy could still be in the sample with

limiting apparent magnitude m =15.5. The resulting LF is

presented in table 5» as log * (column 2). The numbers in

parentheses (column 3) give the numbers n(M ). A similar
P

derivation with 0.5 mag intervals in absolute magnitude
showed essentially the same result.

Table 5. Space densities of Seyfert galaxies (Mpc~ mag" ).

M
p
(D

-19

-20

-21

-22

-23

-2U

all

log *

(2)

-5.85

-5.09

-5.13

-5.53

-6.78

-7.51

Seyferts

n(M )
p

(3)

(D
(6)
(2k)

(3k)

(8)

(5)

type

log *

(h)

-5.52

-5.35

-5.69

-6.96

-7.51

1

n(Mp
(5)

(3)

(12)

(25)

(6)

(5)

type

log 4>

(6)

-5.85

-5.30

-5.52

-6.03

-7.25

2

n(M

(7)1

(1)

(3)

(12)

(9)

(2)

The space densities thus calculated are plotted in

figure k, where also the result obtained by HS is shown

(transformed to H=50). Our result has better accuracy and

lies somewhat lower at M = -23, but otherwise agrees well

with HS, and also with the determinations by Notni and

Richter (1972) and Terebizh (1980). It would be interesting

to verify whether the LF decreases indeed at the lowest

absolute magnitude involved. A derivation of the LF with a

different binning of the objects (absolute magnitude intervals

shifted over 0.5 mag with respect to the binning in table 5

and figure k) again showes a decrease at the lowest luminosity»
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now at M = -19,5 and with n(M ) = 3, with correspondingly

smaller error bars. Yet, both in the latter result sad in the

function given in table 5» column 2, the value at lowest

luminosity is calculated from a small number of objects only.
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Figure k. The optical LF derived in § 3.'t (dots). The error
bars represent the square root of the number of galaxies in
M_ interval. This number, n(M ), is given in the figure for
• reference. The dot at M = £19 is based on only one galaxy
and has no error bar. pThe error bars that are shown at
M = -19 apply to the open circle that represents the HOC

addition to the sample at this absolute magnitude (see text),
The values of HS are plotted for comparison (crosses), also
with error bars; the number of galaxies they used in each M
interval is again given for reference (indicated by HS), p

The missing bright objects in the Markarian survey count

especially at the lowest luminosities. Note that, with a

15.5, objects in the
-1

limiting apparent magnitude of m

M = -19 bin must have a V , < ^800 km s~'. This means that
p rad
only a rather small volume has been searched for these low

luminosity galaxies. There are nine galaxies in our sample
with V , < U800 km s~ . The plausible addition of seven NGC

rad
galaxies to our sample, discussed in § 3.2, brings the total

number of galaxies in this redshift range to sixteen. It is
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therefore of interest to actually perform this addition and

to calculate the LF with those IIGC galaxies included in the

sample (then putting F(m ) = 1 for m < 1U), The difference

with the result in table 5 is appreciable only for the point

at M = -19 (log 4> = -5.51», as indicated in figure h) as there

are now twice as many galaxies in this absolute magnitude bin.

It is observed that the decrease in the LF at M = -19 is
P

still present. Addition of more galaxies in the M = -19

bin would of course further increase the space density at

this absolute magnitude, but not many more galaxies with

M * -19 can be expected at magnitudes m * 13.5-15.5 since,

according to HS, objects at this low luminosity should not have

a higher incompleteness in the Markarian survey than higher

luminosity objects. For a more definite conclusion on the

low luminosity tail of the space density distribution of

Seyfert galaxies it will again be desirable to extend the

surveys to fainter magnitudes, The remark on the Seyfert

classifications at the end of § k.1 is here important as well.

It is interesting to consider the separate LF's for

Seyferts of type 1 and type 2. The correction factors F(m )
P

as derived for the sample as a whole are assumed (as did

Terebizh 1980) to be applicable to both types separately.

This assumption seems justified by the fact that over a large

ran; e of apparent magnitudes (m *= 13.5-16) the ratio of

type 1 and type 2 Seyferts in successive magnitude intervals

is almost constant in our total sample. This stands out

even better taking the ratio's of their cumulative numbers

over all the magnitude intervals. (The relative proportions

found are 66% type 1 and 3h% type 2). Using then only type

1's or type 2's, the calculations are performed as described

above for the whole sample with m ^ 15.5. The resulting

LF's per type are also listed in table 5» again together

with the number of galaxies in each M interval (columns !• — T) •

As derived from the present sample, both types have a

-not very distinct- maximum in their respective LF's. It is

seen that the type 2's have their maximum at a lower absolute
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magnitude than the type 1's; together they produce a rather

flat top in the LF for all Seyferts. Further, as is well

known, the type 2 Seyferts do not reach luminosities as

high as the type 1's do. A LF for only type 2 Seyferts

separately, published by Terebizh (1980), is in reasonable

agreement with our result. He discusses more extensively

the lack of very luminous type 2 Seyi'erts.

3.5 Discussion: relation to other populations

3«5t1 Comparison with other LF's

Because of the good agreement of our result with that

of HS, the same general conclusions can be drawn concerning

the fraction of galaxies in general that are Markarian

galaxies and Seyfert galaxies. We present in this chapter,

in figure 5, a comparison of the Seyfert LF with the LF's

of other objects of interest, to a higher degree of precision

than in other publications to date. Special attention is

payed to plot as precisely as possible the various curves in

one common magnitude system with comparable galactic absorption

corrections, and -of course- adjusted to one value of the

Hubble constant (as described by Kiang 1976). The galactic

absorption used here was discussed in § 2.2, and

H=50 km s" Mpc" in this chapter. Figure 5 shows the LF's

of a) field galaxies, b) (Markarian) Seyfert galaxies,

c) Markarian galaxies in general, and d) optically selected

quasars (xocal LF). Transformations and refinements of these

functions as found in the literature are discussed presently.

a) Field galaxies. Feiten (1977) compares in his

comprehensive study the available LF's for field galaxies.

He gives a new normalization of the Schechter (1976) LF

(Schechter's function appears to be a good representation of

other existing LF determinations). This new normalization,

with lower space densities than the original function, is

used in figure 5 as it is a large-scale normalization, and

therefore of interest here: the Seyfert galaxies in our
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sample extend to much larger distances into space than the

very local samples (with limiting B magnitude of about 12)

that were used in the various LF's of field galaxies. The

result as published by Feiten is a function of the absolute

integrated blue magnitude 3(0) as described in the first

Reference Catalogue of Bright Galaxies (de Vaucouleurs and

de Vaucouleurs 196U). As the other LF's can be transformed

to this magnitude system, it is used in constructing figure

5. We have, however, applied a correction to Felten's magnitude

scale (in his figure 2) to account for the different galactic

absorption function that he used (0.25 cosec |b|). Our

absorptions (0.132 (cosec |b|-i) or zero) are usually small,

with a typical value for cosec |b| of 1.U5 (corresponding

to A = 0.06 mag). This leads to a difference of 0.30 in

absolute magnitude due to the difference in galactic absorption

functions, and to an equal shift of the field galaxy curve

towards fainter absolute magnitudes.

b) (Markarian) Seyfert galaxies. From table 5. The Zwicky

magnitudes we are using can be transformed to B(0) magnitudes

as follows. Kron and Shane (1976) have published corrections

to Zwicky magnitudes that relate them to their own photo-electric

magnitudes m , per Zwicky magnitude interval. By far the majoritype
of our galaxies that are in the Zwicky catalogue are found

in Volumes 2-6 for which one set of corrections is given.

Weighted with the magnitude distribution of the galaxies in

our sample this leads to m * m -0.11. There is, according

to Kron and Shane, a relation of their m magnitudes with
pe

the m Magnitudes of Holmberg: m « m -0.12. And, finally,pg pg pe » *•
Huchra (1976) found that the relation between Holmberg and

integrated blue magnitudes is well represented by

B(o) =01 + 0.3^. Combining these magnitude tranformations

we find that BfO) * m + 0.11 is a reasonable correction to
P

the Zwicky magnitude scale to be plotted in figure 5. This

correction admittedly gives a minor shift in the magnitude

scale as compared with the widths of the magnitude bins,

but it assures that differences in the photometric scales

of various authors did not produce otherwise unnoticed
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systematic differences between the curves in figure 5.

c) Maxkarian galaxies in general. HS derived their

Seyfert galaxy LF besides one for Markarian galaxies in

general. The magnitudes are on the Zwicky scale, and

(almost fixactly) the same galactic absorption was used

as in Feiten (1977). Their points (as they are after the

transformation to H=50) are shifted to fainter magnitudes

over O.'JO and 0,11 mag due to, respectively, the galactic

absorption and the magnitude system being different from

the onos used in figure 5»

d) Optically selected quasars. A recent determination

of the local LF of optically selected quasars, assuming

density evolution, was published by Braccesi et al. (1980).

The space densities are given as a function of the photo-electric

B magnitude, here set equal to the integrated B magnitude

since for quasars essentially no contribution from an

underlying galaxy is to be expected. Their magnitudes are

not affected by galactic absorption as the field studied

lies at very high galactic latitude.

3.5«2 Discussion

The fraction of galaxies in general that is Markarian

galaxy, and the fraction that is Seyfert galaxy, can now be

read off in our diagram from the relative positions of these

LF's. The Markarian galaxies are found to comprise a rather

constant fraction of all field galaxies (see also HS, and Huchra

1977); at absolute magnitudes fainter than M, , , * -21

they constitute about ^0% of all field galaxies. Toward

higher luminosities ónis number increases, and at absolute

magnitudes brighter than M B/ Q\ * -22.5 essentially all

field galaxies (in figure 5 apparently even more, but see below)

are Markarian galaxies. The Seyfert galaxies, in turn, comprise

about %% of all Markarian galaxies between MB,_> = -20 and

-21. Between M / \ = -21 and »22 this increases to about 20%%
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Figure 5.
Comparison of the LF's for field galaxies, Markarian galaxies
in general, Markarian Seyfert galaxies and optically selected
quasars (local). The figure is constructed for integrated
blue , .magnitudes B(O), Sandage galactic absorption and
H=50 km s~ M

 c~ »
 a s described in i 3.5.1. Histogrammatic

points are P simply connected with straight lines. The LF
for field galaxies is represented by a Schechter form, and
is dashed over the range where no data points were present
in Schechter's curve fitting. The excess of active galaxies
over the formal extrapolation of the field galaxy LF is
discussed in § 3.5.2.

and at absolute magnitudes brighter than M /n* * -22 nearly

all Markarian galaxies are Seyferts, and so are the field

galaxies.

Integrated over their total range of absolute magnitudes,

we find that the Seyferts comprise ca. 1.155 of all galaxies

with the same absolute magnitudes. De Vaucouleurs and de

Vaucouleurs (19-68) already inferred from the number of

Seyfert galaxies among bright galaxies in the Shapley-Ames

catalogue that 1 % of the 3piral galaxies are Seyferts. It

has been found that Seyferts are predominantly spirals,

although there are a few possible ellipticals (Adams 1977).
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Comparing the Seyferts with spiral field galaxies only would

change the percentages quoted above by a factor not below

about 0.8 (cf. Tammann et al. 1979).

The Seyfert galaxy LF shows an interesting behaviour at

its bright end. It does not fall off quickly with the field

galaxy curve as it does up till somewhat lower luminosity

(M./.j * -22), but flattens considerably and seems to join

the LF for local quasars. In the Seyfert LF as derived wii;h

0.5 mag intervals (not shown) this flattening is even more

pronounced. The statistical uncertainties of the functions

shown in figure 5 are comparable (cf. figure 't). Considering

these errors we can say that the Seyfert LF decreases lees

steeply at high luminosities than the field galaxy LF does

according to the Schschter form.

The individual points on which the field galaxy LF is

based (see figure 2 in Feiten 197T) seem to allow a somewhat

slower decrease of this LF at absolute magnitudes brighter

than MB(0)
*» -22.5. According to Feiten, however, this

difference between data points and fitted line can be explained

as accounting for the influence of errors in magnitudes on

the binning of the samples involved. A closer look at Feltens'

figure 2 shows that the data points used by Schechter to

obtain his fit do not extend very much along the bright end

of this curve. This is indicated in figure 5 by dashing that

part of the field galaxies LF. The Schechter fit is still

in satisfactory agreement with data points from other authors

up till MB(0)
* -22.8 in our diagram. There are a few data

points at still brighter absolute magnitudes in Feiten's

figure, in our diagram till about M
B(0)

88 -23.5. The deviation

of the extrapolation of the Schechter function from these

data points seems too large to be readily explained by the

properties of the fitting procedure. Moreover, plotting

the Seyfert LF in Feiten's figure shows that its flatter

bright end agrees well with these deviating data points.

We conclude that for absolute magnitudes brighter than

Mr,/n\ ** -23 the field galaxy LF must be a flatter function
o\ 0)
of absolute magnitude than is described by the Schechter

86



function, thus involving higher space densities in this

luminosity range.

Note that this holds for the picture presented here,

in which total magnitudes are used for galaxies with Seyfert

nuclei» At the brightest absolute magnitudes these nuclei

may contribute as much as 50-80$ of the light of the Seyfert

galaxy, thus making the total galaxy magnitudes brighter by

0.7-1 mag. It is yet possible that the Schechter function,

or another general LF, may account for the LF of the parent

galaxies in which Seyiert nuclei are present making the

total magnitudes of these galaxies brighter by sometimes

almost one magnitude.

This last point probably applies even more to quasars.

Their nuclei are very much brighter than the underlying

galaxies (see the review by Woltjer and Setti 1982).

Usually the contrast is too large to observe the object as

a galaxy with a very bright nucleus, and it is called a

quasar (De Ruiter 1976; Kristian 1973). Braccesi et al.

(1990) estimate for quasars the magnitude difference between

nucleus and galaxy to be at most about 5 magnitudes. Then

the continuity between the LF's of Seyferts and quasars

suggested in figure 5 would be understandable. In this

connection it is interesting to note that at least two o.

the five galaxies in our brightest absolute magnitude bin

(Mark 205 and IZwi) are called Seyferts and quasars

alternately. Although the possible continuity of Seyferts

and optically selected quasars, frequently discussed by

various authors, concerns type 1 Seyferts rather than both

types together, this difference is not very interesting here

as the bright tail of the total Seyfert LF is almost completely

determined by the type 1's.

The local LF of the optically selected quasars evidently

is an extrapolation from higher redshifts, with inherent

uncertainties. The points plotted in figure 5 were calculated

by Braccesi et al. (1980) assuming pure density evolution.

Perhaps additional luminosity evolution might be invoked

to account for the excess of Seyfert galaxies below
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r
^B(O) ** ~*^ over the extrapolated quasar values. It must,

however, be emphasized that a LF for Seyfert nuclei alone

would be lower in this diagram and also that the number of

quasars at lower luminosities is likely to have been

underestimated so far (cf. Margon et al. 19-82), We conclude

that the presence of a continuity between (type 1) Seyferts

and optically selected quasars is an attractive interpretation

of the relative positions of the LF's displayed in figure 5,

especially considering their bright ends. The possibility

that Seyferts and optically selected quasars are distinct

phenomena that only happen to have joining LF's appears

rather unlikely.

The radio luminosity function of Seyfert galaxies

The optical LF of Seyfert galaxie,?, derived and discussed

in the previous section, is now used iu order to find the

radio luminosity function (RLF) of these objects. The

available radio data were discussed in § 2.2, and are listed

in table 1. In addition to the two restrictions mentioned

in § 3.^, a third one is posed in the RLF calculation:

iii) galaxies for which there are insufficient or no radio

data at all -as indicated in the comments column of table 1-

are simply left out.

This rather obvious procedure assumes that such galaxies

do not differ in their radio properties from the other objects

that are being used. At present this cannot be checked very

well, except for the experience during the course of our

radio survey that observation of a new set of Markarian Seyferts

usually did not produce very odd results.

The RLF can now be rlarived under those three restrictions

to the sample, leaving 70 galaxies to be used. We first

construct an optical-radio bivariate LF, which subsequently

is combined with the optical LF to determine the RLF (§ U.1).

The result is then compared with the RLF's of other types

of objects that may be related to Seyfert galaxies (§ U.2).
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h.1 Derivation of the RLF

In the RLF calculation via the bivariate LF, we follow

the treatment of Klvis et al. (197Ö) that was applied to

the analogous problem of deriving an X-ray LF for Seyfert

galaxies. To construct the optical-radio bivariate LF, the

remaining sample of 70 Seyferts is distributed over equal

bins in both absolute magnitude and log radio power. The

absolute magnitudes M , also listed in table 1, are binned

in 1.0 mag intervals around integral M values so as to
P

match the optical LF tabulated in table 5. The monochromatic

radio powers at 1U15 MHz are binned in logarithmic intervals

of 0.U, i.e. in (radio) magnitudes.

In each of the bins thus formed around absolute

magnitude M and radio power log Pi^c > * n e number of

I i •
galaxies "detected is counted, and divided by the number

of galaxies that could have been detected in that very bin

(i» j)« yielding fractions f... The number of galaxies that
-̂ J

could have been detected in a bin with log P.. .,. is found

from the redshift and the detection limit of the observation

of each galaxy, assuming all galaxies in the absolute
magnitude bin M to have this radio power P , .

^i i
The "fractions f.. are the observed fractions

^ J
of Seyfert galaxies that are detected in each bin and represent

the bivariate LF of these objects. The (differential) RLF

is now derived by multiplying each f.. with its corresponding

space density $(M ) and summing over all absolute magnitudes

involved: Jp(log P 1 1 | 1 5 ) = T, * ( p ) f _
1 j 3

The bivariate LF constructed from our sample in

the way just described is shown in table 6a. Tables 6b and

6c give the resulting bivariate LF obtained for type 1 and

type 2 Seyferts separately. The entries in these tables are

the fractions f... written as ratio's that show the actual

numbers of objects involved (nr of detections/nr of objects

that could have been detected). Starting from below, each

column lists evidently an increasing number of objects that

could have been radio detected. Only the meaiiir,<*f ul part of

89



Table 6a. Bivariate LF for all Seyfert galaxies

log P . L . A J J -19 -20 -21 -22 -23 -2k

2k. 6

2k. 2

23.8

23. k

23.0

22.6

22.2

21.8

21. k

21.0

1/1

0/1

0/1

1/5

1/5

0/5
0/5

1/5

1/22

1/22

2/22

2/22

8/19

1/ 9

0/ k
0/ 1

2/29

3/29

6/29

7/27

0/19

0/ 5

1/8

1/8

1/8

0/7

2/7

0/5

2/5

1/5

1/2

0/2

0/1

0/1

0/1

Table 6b. Bivariate LF for type 1 Seyfert galaxies

log P , jJiM -19 -20 -21 -22 -23 -2l»

21».6 \

2U.2

23.8

23. h

23.0

22.6

22.2

21.8 1/3

21.1»

21.0

1/11

0/11

1/11

3/11

1/ 't

0/2

0/ 1

6/23

6/22

0/15

0/ 1»

•

1/6

0/6

0/6

2/6

0/5

2/5

1/5

1/2

0/2

0/1

0/1

0/1
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Table 6c. Bivariate LF for type 2 Seyfert galaxies

log P 1 U \.M^ -19 -20 -21 -22 -23 -2U

1/1

0/1

0/1

1/2

1/2

0/2

0/2

0/2

1/11

0/1 1

2/ 1 1

1/11

5/ 8

0/ 5

0/ 2

2/6
3/6

G/6

1/5

0/U

0/1

2U.6 \ 1/2

2U.2 0/2

23.8 1/11 2/6 1/2

23.h 1/2 0/11 3/6 0/1

23.0 1/2 2/11 G/6 0/1

22.6

22.2

21 .8

21.1*

21.0

each of these columns is given: below their starting points

the entries are 0/0, and the columns stop with the highest

detection and/or attaining the maximum number of detectable

galaxies (i.e. all the galaxies in the absolute magnitude

bin corresponding to that column). The tables, especially

table 6a, appear to have a reasonable number of objects in

most of their columns; this applies less to table 6c as

there are not many type 2 Seyferts in the sample.

These tables show a general tendency for the higher

optical luminosity galaxies to have higher radio povers.

This in more pronounced for type 2*s than for type 1's.

The highest luminosity column of the type 1 bivariate LV

(and thus the total bivariate LF, see tables 6b and 6a,

respectively) lists one galaxy already detectable at a

very low radio power. This comes out because of a longer

observation of that particular galaxy, Mark 205, with a

correspondingly lower detection limit (see S 2.2).

Combining now the fractions f.. given in tables 6a-c

with the appropriate space densities tabulated in table 5,

and summing over the absolute magnitudes, yields the
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Table 7» RLF of Seyfert galaxies

r
l o g P1

24.6

24.2

23.8

23.4

23.0

22.6

22.2

21.8

all Seyferts
log p

-7.68

-7.68

-6.25

-5.64

-5.53

-5.84

-5.51

-5.41

f.

1/ 8

1/ 8

U/59
7/61

12/68

10/51

8/19

3/15

type 1

log p

-7.74

-

-6.38

-6.24

-6.01

-5.91

-5.67

f.
l

1/ 6

-

3/16

9/34

8/35

3/11

2/ 7

type

log o

-7.55

-

-6.21

-5.53

-5.51

-6.34

-5.72

-5.85

2

f
l

1/ 2

-

J»/19

4/ 8

3/13

2/16

5/ 8

1/ 1

-5 -

Fig. 6.
The radio luminosity function
of Seyfert galaxies for, from
top to bottom, a) both types,
b) type 1's, and c) type 2's.
The derivation of the RLF's
is described in S 4.1, and
the results are compared vith
the RLF's of other categories
of objects in § 4.2 and figure 7.

21 23 2U 25
Log f»t,5(WHz')

92



differential RLF. In table 7 this result is listed, for all

Seyferts and for the types 1 and 2 separately. The total

number of detected galaxies and galaxies that could have

been detected that is used in each log P.. ., interval, is

also listed in the table (as ratio's f.). The three RLF's

thus obtained are displayed in figure 6a-e. As usual in

RLF determinations, the error bars have been calculated

from the number of detected galaxies by means of Poisson

statistics.

The RLF for both types of Seyferts together (figure 6a)

shows for log P-IK-IC :$ 23.5 a rather flat run with radio

power and falls off beyond this value. The two highest points,

each based on only one detection, are less certain. Comparing

this total RLF with the RLF's for both types separately

reveals an interesting featur*». The type 1 RLF (figure 6b)

decreases snoothly with increasing log p| K •• c» a* least till

log P.j,,^ * 23.5; beyond this value of log P.^e t ne RLF

probably decreases somewhat steeper. The type 2 RLF (figure 6c)

definitely has a steep part for values of log P-.^^ > 23,

but is much flatter below this log P.i., value compared with

ths RLF of the type 1'e. Over the range log P.KIIT = 22.8 to

23.6 the type 2 RLF is significantly higher than the type 1

RLF. It thus appears that the rather flat and also somewhat

irregular shape of the RLF Tor both Seyfert types together

is caused by the contribution of the type 2 Seyferts to this

total RLF.

The observed shape of the type 2 RLF, however, may have

been influenced substantially by the often vague boundary

between type 2 Seyferts and narrow emission line galaxies.

Such galaxies are often found to be radio emitters as well.

It is possible that forthcoming observations will show some

of the type 2 Seyferts used here to be rather emission line

galaxies, or will classify a number of the other Markarian

galaxies as (weak) type 2 Seyferts. Shuder and Osterbrock

(1982), on the other hand, conclude that type 2 Seyferts

may well be separated from other emission line galaxies

by taking 10 III]X5OO7/H6 line ratio's in account.
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U.2 Discussion: relation to other populations

1*. 2. 1 Comparison vith other RLF's

We compare the RLF of Seyfert galaxies with RLF's obtained

for other types of objects that possibly are related to this

kind of galaxy, as is presented in figure 7. In this diagram

RLF's are given for (components of) different classes of

galaxies (specifically S and E+SO galaxies), for radio

quasars and of course for Seyferts, Where necessary +.he

functions have been transformed to the standard conditions

which hold for this figure: H=50 km s~ Mpc" and frequency

\>= 1U15 MHz. The RLF's shown are described presently.

a) E+SO galaxies» The well-known determination of the

local RLF of E+SO galaxies by Auriemma et al. (1977) was

performed at v=ihi5 MHz, A more recent determination of this

local RLF, also at V=1U15 MHz, was made by M. Oort and

R. Windhorst (private communication) who combined about 200

radio galaxies with z<0.t from several radio surveys, among

which deep Westerbork surveys, identified on deep KPNO km

plates. Both results are displayed in figure 7.

b) Spiral galaxies. Hummel (19Ö0) has published bivariate

LF's for total radio emission and for central sources of

spiral galaxies, based on an extensive survey with the WSRT

(v-il*15 MHz). We derived the two RLF's that are plotted in

figure 7 using the optical LF for spiral galaxies as

determined by Tammann et al. (1979).

c) Radio quasars. A local RLF for quasars, combining

data from the 3CR and kc surveys and assuming pure density

evolution, was given by Fanti and Perola (1977) at

\>=kOd MHz. Also shown is the result by Wall et al. (1977),

for galaxies and quasars, over the range log P-î -ic * ^ *° ^8.5

(originally determined at v=l+08 MHz). An RLF for optically

selected quasars has not yet been determined.

d) Seyferts. Besides the RLF for all Seyferts, the RLF's

for type 1 and type 2 Seyferts separately are shown. These

functions were given in § 3.^5 there are as yet no other

determinations of the Seyfert RLF to compare with.
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The break in the (E+SO) RLF that was found by Auriemma

et al. (1977) at log P.^.e *° 25.0 is not confirmed by Oort

and Windhorst, whose RLF rises steadily toward lower

log P1 i , _ values. Perhaps this is caused by galaxies with

sources that are related to the central sources found in

spiral galaxies, as the local RLF of Oort and Windhorst at

log Pih-ic ** 22.5 lines up rather well with the RLF of central

sources in spirals based on Hummel (1980). A difference

between these two determinations is found in the selection

of objects: Auriemma et al. specifically observed ellipticals,

whereas Oort and Windhorst used radio selected objects,

although they leave radio sources associated with normal

spiral galaxies out of their sample. Wall et al. (1977)

also find a (still higher) steady increase towards lower

log P.,. values (not shown here), but they determined

an overall local RLF including spiral galaxies.

At higher log P.. .. values the local RLF's of Auriemma

et ale and Oort and Windhorst agree rather well, and also

with that of Wall et al. The latter one is only shown between

log P1, . j. * 26 and 28.5 because it extends beyond the

ellipticals up to the radio quasars. It provides a smooth

connection between these two groups of objects, although

it must be kept in mind that the local RLF of radio quasars

as derived by Fanti and Perola (1977) and also the high

radio power end of the Wall et al. curve (that was determined

by means of source counts) are extrapolations from high

redshifts. It could be that there is some luminosity evolution

additional to the density evolution (cf0 discussion in i 3.5)

and that radio sources stronger than, say, log P , . «= 27.5

should not exist at all locally.

U.2.2 Discussion

At radio powers greater than log P,^,- * 26 the galaxies

in the sample of Wall et al. are all ellipticals (radio

galaxies). The smooth transition of the local RLF for

ellipticals plus quasars to that for radio quasars only,
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Figure 7. The RLF's for Seyfert galaxies and for other, possibly
related, classes of objects. The RLF for Seyferts was derived
in § !*.1 of this chapter. The sources for the other RLF's
are indicated in the figure and discussed in § 4.2.1. No error
bars are drawn, in order hot to overload the picture. We
comment here on the number of objects used in their respective
derivations, starting in the upper left corner of the diagram.
i) spirals: total radio emission, about 1k objects per point,
the outer points about 5 objects; central sources, about 11
objects per point, the highest point only one or two objects.
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ii) S+SO galaxies: Auriemma et al., about 12 objects per
0.1» interval in log P, at the outer ends only about two
objects; Oort and Windhorst typically 18 objects per log P
interval, at the highest end three objects.
iii) Seyferts: see figure 6.
iv) quasars: Wall et al., used both individual detections
and source counts, probably a few tens of objects were
used in the part of their result shown here, that means
on average about six objects per log P interval; Fanti,
an-d Perola, they show typically an error of ± 0.3 in log *;
optically selected quasars, only one detection in each point.

as derived from the situation at high z-values, can be taken

as indicating that radio quasars occur in elliptical

galaxies (also generally concluded frcn the correspondence

in. radio morphology). The departure of the local RLF of

Fanti and Perola from the curve of Wall et al. for log P^ic;

values below ca. 27.5 might then be caused by quasars being

increasingly recognized as elliptical galaxies (low radio

powers correlate with low optical luminosities, cf. Auriemma

et al., see also De Ruiter 1978). An alternative would be

that the radio loud quasars occur in both ellipticals and

spirals, but the uncertain extrapolation from high z-values

in this part of figure 7 does not allow even a tentative

conclusion.

In this respect it would be very interesting to have

a determination of the local RLF for optically selected

quasars, but this is not possible yet because of the scarcity

of radio data for these objects. A very rough guess can be

made for the optically selected quasars that Condon et al.

(1981) have studied at U885 MHz. Restricting this to the

nearest objects, in order to obtain a realistic result, yields

the two points shown in figure 7. They were derived by

constructing the optical-radio bivariate LF for those objects

listed by Condon et al. which have z < 0.1. Flux densities

at IU15 MHz were also taken from chapter V.1. This result was

subsequently combined with the optical LF for these objects

of Braccesi et al. (1980) to estimate this RLF.

Their position in the diagram allows optically selected

quasars to be related to Seyfert galaxies, and to be interpreted

as galaxies with such bright nuclei that optically they are
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classified as quasars. Note that in S '*.1 a general tendency

was seen in the bivariate LF of Seyferts to have higher radio

powers for higher optical luminosities, although one would

prefer the latter ones to be derived from nuclear magnitudes.

Since most of the Seyferts are spiral galaxies (Adams 1977),

most of the optically selected quasars may be spirals as

well. This was also concluded in a general statistical study

of these problems by Rowan-Robinson (1977). As is well-known,

more evidence for the relationship between optically selected

quasars and Seyfert galaxies can be obtained from their

optical properties.

A continuation between the RLF's of two classes of

objects, like for Seyferts and optically selected quasars

as discussed above, may suggest that one phenomenon is

involved. This is observed over a certain range of radio

powers with a rather regular dependence of the space densities

on the radio power. Different classes are then found, for

instance when changing strength of the phenomenon is accompanied

by different classifications at other wavelengths. An alternative

is, of course, that two RLF's are independent, with such

positions in the log * versus log P plot that a relation

between them is only accidentally suggested.

In this connection, it is appealing to consider also

a possible relation between the RLF's of Seyferts and

spirals since Seyferts are known to occur predominantly in

spiral galaxies. Figure 7 shows that a transition from

spirals to Seyferts may be present for the central sources

in spirals and the type 2 Seyferts -rather than the type 1's.

For radio powers log T-iu-ic: smaller than 23 the difference

between both RLF's is likely to be influenced by the

sometimes difficult classifications, a problem mentioned in

§ U.1. For the RLF of central sources in spirals the results

of Hummel (1980) were used, which yet may include substantial

contributions from disk emission. This holds also for the

nuclear radio emission studied by Crane (1977), for which

the RLF agrees well with the result for the central sources

in figure 7«
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It would be interesting to have an RLP really for the

nuclear radio emission that has been observed in some spirals,

especially to compare the type 1 Seyferts RLF with. It is, however,

not yet possible to derive such an RLF from the few observations

presently available»

Concerning the type 1 Seyferts, there is a remarkable

resemblance between the shapes of the RLF's of type 1

Seyferts and of £+50 galaxies as determined by Auriemma et

al. (1977). As discussed above, their RLF is perhaps better

confined to purely E+SO galaxies than the result of Oort and

Windhorst. If the Auriemma et al. curve were reduced by

a factor of ~100 in radio power only, it would almost coincide

with the RLF for the type 1 Seyferts. Both RLF's have

comparable errors as mentioned in the caption to figure 7.

This means that, at least around the respective breaks in

both curves there are per radio magnitude as many spirals

as ellipticals with active nuclei in one volume-element of

space, the spirals being about two radio magnitudes fainter.

We note that the part of the Auriemma et al. curve that is

used here mainly concerns nuclear radio emission in E+SO

galaxies.

1*.2.3 The radio powers of both Seyfert types

The possible extension of the type 1 RLF towards higher

radio powers (viz. to the optically selected quasars) was

discussed in the previous section. Probably there is also

an extension of the type 1 RLF towards lower radio powers

than is now observed. In this respect it is instructive to

consider the distribution of observed radio powers in our

(restricted) sample, as presented in figure 8. Although

upper limits to undetected galaxies are used in the bivariate LF

(in establishing the number of objects in each log P,},.,- interval

that could have been detected in our survey), these upper

limits stand out much better in figure 8; here the radio

powers of detections and of upper limits are counted per O.k

interval in log P.,]5.
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Figure 8» Histograms of the radio powers of Seyferts of type 1
(lover one) and type 2 (upper one). The available radio
data for Seyferts in the restricted sample with m < 15.5
and z < 0.1 are used here. Both detections and Pupper limits
are shown, above and below the horizontal lines, respectively.
The ordinates give the number of objects involved.

As the type 2 Seyferts are optically less luminous than

the type 1's (cf. table 5), it is better to compare the

radio powers of both types within the same distance range

in order to avoid possible redshift-dependent effects. To
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this end the redshifts involved are indicated in the histogram:

V . < 10000
rad km s

-1 10000
-1

km s < V . < 20000 km s
rad

and V > 20000 km s"'. Taking in what follows the nearest

distances only as there is hardly any type 2 with V > 1000C

a difference between both types is evident, already remarked

by De Bruyn and Wilson (197Ö). The type 2's are on average

brighter in radio radiation and extend to higher radio powers;

this can be recognized in the plots of the RLF's (figure 6).

But the upper limits indicate a further difference

between both types. Of the type 2's in our sample only

13/S is not detected, whilst relatively more type 1's seem

to await detection where 35$ goes undetected with upper

limits that are smaller on average by 1 radio magnitude.

Note that especially the type 1's have upper limits that

would allow them to be easily detected if they had radio

powers comparable to the ones that actually were detected.

(Including the higher redshifts as well confirms this picture.)

This leads immediately to the conclusion that the type 1 RLF

probably goes on toward lower radio powers, while the

type 2 RLF should not extend very much further in this

direction -at least when using the type 2 classifications

as listed in table 1. From figures 6 (or 7) and 8, we can

km s"1 ,

expect a number of typ
20

of order 10

1 Seyferts to have radio powers
21 -1

- 10 WHz . These should rather easily be

detected in the near future. In this respect it is interesting

to mention our detection of Mark Uo, This Seyfert 1 galaxy

was not yet found by De Bruyn and Wilson (Survey Paper 1),

but was detected in a longer observation with lower noise

(Survey Paper 3). This galaxy does not show up in figure 8

as it is too faint to be in the restricted sample (m =16.0);
,21.8 -1 p

the upper limit was 10

to 10 2 1* 3 WHz"1.

WHz the detection corresponds
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5. Conclusions

In this chapter we analysed a sample of Seyfert galaxies

from the first nine lists of the Markarian survey of galaxies

with UV excess, taking advantage of the body of radio data

on these objects gathered in the WSRT Seyfert survey in X 21 cm

continuum radiation. This sample was corrected for incompleteness

at both bright and faint apparent magnitudes, and subsequently

restricted to apparent magnitudes brighter than m = 15•5

and radial velocities below 30000 km s" . For this restricted

sample we derived the optical LF, the radio-optical bivariate

LF and the RLF. The results thus obtained were compared with

luminosity functions that have been determined for other,

sometimes related types of objects.

The following conclusions c&i. be drawn from this

investigation:

1. The Markarian Seyferts studied in this paper can be

completed at bright magnitudes by adding several NGC designated

galaxies (mostly classical Seyferts) as listed in tablo k,

2. Quite a number of Seyferts await discovery at magnitudes

m S 15»5. Several of these should be Markarian galaxies as

well.

3. The optical LF derived here agrees well with previous

determinations. A decrease in space density towards fainter

absolute magnitudes probably sets in at M * -19.5 (when

considering the total magnitudes of the galaxies).

k. The LF for field galaxies must flatten considerably for

absolute magnitudes brighter than B(0) * -22,5, due to the

contribution of galaxies with active nuclei to this LF.

5. Seyferts and optically selected quasars appear, on the

basis of their relative space densities as function of

absolute magnitude, to be related.

6. There are differences in the RLF's of type 1 and type 2

Seyferts. Around log P1lt1=23.5 the space density of type 2

Seyferts is higher than that of type 1 Seyferts. The RLF

of type 2's may be restricted to a relatively narrow range

in radio power; this is, however, dependent on the sometimes

ambiguous distinction between the type 2's and other emission
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line galaxies. The RLF of type 1's will certainly extend

further towards lower radio powers than the range over which

it aow has been determined.

7. Towards higher radio powers the RLF of Seyfert galaxies

extrapolates smoothly to the RLF of optically selected quasars.

8. The RLF for type 1 Seyferts resembles that of ellipticals,

but on a lower level of radio emission.

9. The RLF of type 2 Seyferts may be related to that of

central sources in spiral galaxies.

Some of these conclusions are still rather tentative.

Most of these are expected to become much more definite

when subsequent projects are carried out. Such projects

will include, for instance, two-dimensional photometry of

these galaxies, and radio observations with still lower

detection limits of both (type 1) Seyferts and optically

selected quasars. Also more clarity about the type 2 Seyferts

versus other emission line galaxies distinction can be expected.

It is a pleasure to acknowledge discussions with Walter Jaffe,

Peter Katgert, Marc Oort, Andrew Wilson and Rogier Windhorst,

Abell, G.Q., Eastmond, T.S., Jenner, D.C. 1978, Astrophys. J.

221. L1.

Adams, T.F. 1977, Astrophys. J. Suppl. _3j3, 19.

Auriemma, C , Perola, G.C., Ekers.R., Fanti, R,, Lari, C. ,

Jaffe, W.J., Ulrich, M.H. 1977, Astron. Astrophys. _57, J»1.

Bieging, J.H., Biermann, P., Fricke, K., Pauliny-Toth, I.I.K.,

Witzel, A. 1977, Astron. Astrophys. _60, 353.

Biermann, P., Clarke, J.U., Fricke, K.J., Pauliny-Toth, I.I.K.,

Schmidt, J.B Witzel, A. 1980, Astron. Astrophys. _8_1_, 235.

Bothun, G.D., Schommer, R.A. 1982, Astrophys. J. 255. L23.

Braccesi, A., Zitelli, V., Bonoli, F., Formiggini, L. 1980,

Astron. Astrophys. _85_, 80

de Bruyn, A.G., Wilson, A.S. 1976, Astron. Astrophys. J53, 93

(Survey Paper 1).

de Bruyn, A.G., Wilson, A.S. 1978, Astron. Astrophys. _6^, U33.

103

r



Condon, J.J., Dressel, L.L. 1978, Astrophys. J. 221. U56.

Condon, J.J., O'Dell, S.L., Puschell, J.J., Stein, W.A.

Astrophys. J. 2h6% 62h,

Crane, P.C. . 1977, Ph.D. Thesis, M.I.T.

Dressel, L.L., Condon, J.J. 1978, Astrophys. J. Suppl. _3j>, 53.

Elvis, M., Maccacaro, T. , Wilson, A.S., Ward, M.J., Penston, M.V.,

Fosbury, R.A.E., Perola, G.C. 1978, Mon. Not. R.A.S.

183. 129.

Fanti, R., Perola,G.C. 1977, in: Radio Astronomy and Cosmology,

D.L. Jauncey (ed.), Reidel, Dordrecht, p. 171.

Feiten, J.E. 1977, Astron. J. 82, 861.

Hatfield, B.F., Osterbrock, D.E. 1980, Bull. A.A.S. J_2, 1»38.

Huehra, J. 1976, Astron. J. £i_, 952.

Huchra, J.P. 1977, Astrophys. J. Suppl. _3_5» ^I»

Huchra, J. 1981, catalog of Seyfert galaxies (private communication).

Huchra, J. , Sargent, W.L.W. 1973, Astrophys. J. 186. 1̂ 33.

Hummel, E. 1980, Ph.D. Thesis, University of Groningen.

Kellermann, K.I., Pauliny-Toth, I.I.K. 1971, Astrophys. Letters

£. 153.
Khachikian, E.Ye., Weedman, D.W. 1971», Astrophys. J. 192, 581.

Kiang, T. 1976, Mon. Not. R.A.S. 17^, ̂ 25.

Kojoian, G., Sramek, R.A., Dickinson, D.F., Tcvmassian, H.,

Purton, C.R. 1976, Astrophys. J. 203, 323.

Kojoian, G., Tovmassian, H.M., Dickinson, D.F., St. Clair Dinger, A.

1980, Astron. J. J35_, 1U62.

Koski, A.T. 1978, Astrophys. J. £23, 56.

Kristian, J. 1973, Astrophys J. 179, L61.

Kron, G.E., Shane, C D . 1976, Astrophys. Sp. Sci. 3_9, U01.

van der Kruit, P.C. 1971, Astron. Astrophys. JJ5, 110.

MacAlpine, G.M., Smith, S.B., Levis, D.W. 1977, Astrophys J. Suppl.

Ü» 95.
Margon,B., Chanan, G.A., Downes, R.A. 1982, Astrophys. J.

2£S% L7.

Markarian, B.E. 1963, Sootoch. Byur. Obs. 3}±t 3.

Markarian, B.E. 1967, Astrofizika ^, 55.

1969a, ihid, 2* if2*3*

1969b, ibid, ^i 581.

104

n



Markarian, B,E., Lipovetskii, V.A. 1?71, Astrofizika 7,» 511.

1972, ibid. J3, 155.

1973, ibid. 2t ^87.

197U, ibid. 2£t 307.

1976a, ibid. V2t 389.

1976b, ibid. ±2, 657.

Meurs, E.J.A., Wilson, A.S. 1981 , Astron. Astrophys. Suppl.
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CHAPTER V. STUDIES OF RELATED OBJECTS

V.I.

Radio Observations at 1.415 GHz of Four Optically Bright Quasars

( In collaboration with H.R. de Ruiter. )

Summary

Four optically bright quasars have been observed at 1.415 GHz

with the Westerbork telescope. The two brightest objects were detected.

These measurements are compared with results obtained by other observers.

The radio spectra as known from the available data suggest the presence

of synchrotron self-absorption in these sources. There is some evidence

that the optically brighter quasars are detected more easily in radio

radiation.

Key words: Quasars - Radio sources
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1. Introduction

As a sequel to a previous search for radio emission from

optically selected quasars (Fanti et al. 1977), we present Wester-

bork observations of four bright optical quasars. These objects were the

first four found in an optical survey for bright (B £ 16 ) quasars

covering a large fraction of the northern sky (Green 1976).

Our observations have been made at 1.415 GHz. Other observers

have studied these quasars at 2.695 and 8.085 GHz (Shaffer and

Green 1978), and at 4.885 GHz (Condon et al. 1980, 1981). Of the four

quasars in this article, the former authors have detected only one

object (at both frequencies), the latter authors made one additional

detection. In both these studies in fact a larger number of bright

optical quasars was considered.

In section 2 of this paper we describe our observations, and

the results are presented in section 3 along with a comparison with

the observations published previously. In the discussion, section 4,

the results are interpreted in the light of the current literature.

2. Observations

At the time the observations were performed, August 1977, the

Westerbork telescope consisted of 12 telescopes along an E-W line

of 1.5 km length, producing 20 interferometer combinations. The

telescopes synthesize at 1.415 GHz a beam with halfwidth 23 arcsec x 23

cosec 6 arcsec (RA x Dec), the primary beam halfwidth being 36 arcmin.

Telescope and data reduction are described by Högbom and Brouw (1974),

Baars and Hooghoudt (1974) and Van Someren Greve (1974).
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The objects were generally observed at two different hour

angles for 50 or 60 minutes per hour angle. One quasar was observed

twice that long but around one hour angle only. The total observing

time of about two hours led to an r.m.s. noise of 0.9 mJy (beam area)

In one field the noise was slightly higher (1.0 mJy (beam area) )

due to confusing effects from a strong source in the field. Sources

can be detected above a flux density of three times the r.m.s. noise

in the field.

The information given here is summarized in table 1. The quasars,

drawn from Green (1976), are listed by their coordinate designation. The

mean hour angle of thé observation is expressed in degrees, the length

of the observation is given in minutes, and the baselines that were used

are indicated.

3. Results

Using the CLEAN technique (Högbom 1974) the region around the optical

positions of the quasars was made free from confusion by grating responses

and sidelobes from other sources in the fields. The reduction technique and

analysis is described more extensively by Meurs and Wilson (1981). Linear

polarization has only been searched tor in the strongest detected quasar.

Our results are presented in table 2. Two of the four quasars

are detected, the other two have upper limits equal to three times

the r.m.s. noise in their fields. Errors and source sizes have been

calculated following Willis et al. (1976). Unfavourably spaced ob-

servation hour angles and low declinations may cause position errors

to be larger than usual. Such cases can often be treated by measuring

the right ascension to declination ratio of the 80 percent level of

the antenna pattern, and combining this ratio with normal errors in
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the coordinate that is not affected. More detailed information on this

is given per detection below.

Both detected sources did not leave detectable residual flux after

source subtraction, and the corresponding limits on source sizes are

determined by the signal to noise ratio (Willis et al. 1976). The fringe

visibility curve for the strongest detected quasar confirmed this source

to be unresolved. The limits on source size as given in table 2 apply to

the direction of greatest resolution, east-west (E-W) or north-south (N-S).

Accurate optical positions have been taken from Condon et al. (1981).

The errors in their positions are not explicitly given but seem to be a

few tenths of arcseconds in each coordinate. In calculating radio minus

optical position differences, in order to check their correspondence, we

have assumed errors in the optical positions of ± 0.5 arcsec in both RA

and Dec. But dealing with optical positions accurate to a few tenths of

arcseconds, the radio position errors constitute the main contribution to

the errors in these position differences anyway.

The flux densities of the detected sources have been obtained by

summing up individual source components found by the CLEAN technique.

Sources within 6 arcminutes of the quasars have been listed in the comments

column. The available flux density measurements of the four quasars have

been collected in table 3, and the resulting spectra for both detected ones

are shown in fig. 1. Further specific results per quasar are discussed

presently.

'0026+129. The observation hour angle (i.e. one only) and the rather

low declination of this quasar have substantially increased the radio

position error in declination. The background source listed in the comments

column of table 2 was already noted by Shaffer and Green (1978). Its radio

spectral index is 0.9 (adopting S « v ). The two available flux densities

for the quasar, at 1.415 and 4.885 GHz (table 3) lead to a radio spectral
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index of 0.9 ±0.2. This quasar has recently also been detected at 90 GHz,

see section 4 for further details.

1001+054. The background source in the comments column of table 2

was again found by Shaffer and Green (1978) as well, and the radio spectral

index is 1.2.

1351+640. The observation hour angles have somewhat increased the

radio position error in right ascension, and the limit on source size

accordingly applies to the N-S direction. Shaffer and Green (1978) find

from their measurements a flat spectral index of 0.06 (the value of 0.6

quoted in their paper is apparently a printing error). As is clear from

fig. 1, the radio spectrum of this quasar is more complex: there is a

normal steep spectrum below 5 GHz, and a rise at the highest frequency

(it seems unlikely that the complexity of the spectrum could be attributed

to variability of a flat spectrum source as the various observations do

not differ much in epoch, see table 3, and the frequency points of the

steep part line up very well). This makes it a concave spectrum, that is

usually supposed to be a superposition of two or more source components

with inverse power law spectra, the part at high frequencies possibly

being related to a compact opaque component. This interpretation is

discussed further in section 4.

The two outer and most accurately measured points on the steep part

of the spectrum, i.e. at 1.415 and 4.885 GHz (table 3), give a spectral

index of 0.72 ± 0.05, the point in between at 2.695 GHz being consistent

with this run of the spectrum.

No linear polarization was detected. Using the 3 x r.m.s. noise upper

limit of 3 rajy for this source, the resulting upper limit on percentage

linear polarization is < 4%.
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4. Discussion

Condon et al. (1981) have discussed various mechanisms that may be

responsible for the lack of radio emission in optically selected quasars.

They list as one of the most plausible explanations that the IR-optical

emission comes from a compact synchrotron source that is optically thick

at radio frequencies. For 0026+129 there seems to be good evidence now

that this is such a source, i.e. one that does not emit at centrimetric

wavelengths due to synchrotron self-absorption: Owen and Puschell (1982)

have detected 0026+129 at 90 GHz and find a flux density of 190 (±40) mjy.

This indicates a drastic decrease in radio emission below "v 100 GHz. The

spectral index between 5 and 90 GHz is i, -1.6 (±0.3), which approaches the

self-absorption value of -2.5.

At lower frequencies, between 1.4 and 5 GHz, both quasars detected by us

have a spectral index typical of a transparent synchrotron source:

a = 0.9 for 0026+129 and ot = 0.7 for 1351+640. If the transparent spectrum

of 0026+129 extends beyond 5 GHz to only "u 8.5 GHz, the high frequency part

(10-100 GHz) will have a spectral index of -2.5. The 90 GHz detection of

this quasar by Owen and Puschell was obtained at a later epoch than the

other measurements. It is possible that the 90 GHz flux density, supposedly

from a compact source, is variable. This does not affect the presence of

a rise in the spectrum beyond 'V/ 8 GHz as the steep part of the spectrum

between 1.4 and *\* 8 GHz is not expected to have varied in the period between

the measurements.

Although no 90 GHz observation is available for 1351+640 we have,

as already mentioned in section 3, a spectral index of a = 0.7 between 1.4

and 5 GHz, and an inverted spectrum with a £ -0.7 between 5 and 8 GHz.

Therefore 1351+640 may very well have a spectral behaviour similar to

0026+129, and should be easily detectable at 90 GHz (an extrapolation from
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8 to 90 GHz with a = -0.7 gives an expected flux density of ^ 250 mjy).

We conclude that for both 0026+129 and 1351+640 we may have self-absorption

in a compact synchrotron source, which also gives rise to the IR-optical

emission. In fact, the IR-optical data given by Condon et al. (1981) for

both quasars seem to allow an extrapolation from the fluxes in these

regimes toward the 90 GHz fluxes quoted above. Below t» 100 GHz the compact

source becomes optically thick and emits no radiation at lower frequencies.

The radio emission below "» 8 GHz comes from a second, more extended

component which is not directly related to the compact IR-optical source

(note that Condon et al. (1981) list 0026+129 as possibly resolved at

5 GHz).

The ratio of radio-to-optical emission of quasars is usually characterized

by the parameter R = F__o W„ /
F2500 fi (Schmidt 1970; Fanti and Perola 1977).

In table 4 we give the minimum logR that could be detected by us, along

with the value of log R that was actually found. The B magnitudes used to

calculate the optical fluxes were taken from Condon et al. (1981). Although

the statistics for four objects are poor we note that the two optically

brightest quasars have been detected. One could ascribe this to the fact

that the minimum detectable log R is lower for optically bright quasars

(see table 4); however, the detections were made at a level at which the

fainter quasars could also have been detected. Of course, for a sample of

four objects, this could very well be a coincidence, but Condon et al.

(1981) noted a similar effect in their larger sample. In fact, their list

has nine objects in common with the sample of Fanti et al. (1977). Seven

of these quasars (with a typical B magnitude of ^ 17) were not detected by

Fanti et al. (1977) and are still notdetected by Condon et al. (I981), in

spite of a detection limit which has gone down by a factor of ̂  10-20. Most

detections made by Condon et al. (1981) concern optically brighter quasars

(B ̂  16). The important point to note is that again the actual detections
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r
have in most cases log R values that would also have allowed detection

of the optically fainter quasars. We do not see a significant difference

between the absolute magnitudes of detected and undetected quasars; if

anything the detected ones are fainter by ̂  0.5 magnitude. More definite

conclusions require, however, a larger body of data, as can be expected

in the near future with existing radio telescopes now reaching such low

radio levels.
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Table 1. Information about observations

Frequency

Bandwidth

R.m.s. noise

Number of interferometers

Beam halfwidth (RA

Primary beam

x Dec)

halfwidth

Observation date

Object

0026+129

0906+484

1001+054

1351+640

Baselines

i

36

36

108

108

36

Cm)

(72)

(72)

(72)

(72)

(72)

1404

1404

1404b

1404b

1404

1.415 GHz

4 MHz

0.9 mJy (beam area)

20

23" x 23" cosec 6

36'

August 1977

Hour Angle

(deg)

+34

-72

+2

-39

+2

-S3

+75

-1

Duration

(min)

120

50

50

50

50

50

60

^shortest baseline (increment) longest baseline

19 interferometers
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Table 2. Radio data at 1.415 GHz

Quasar Flux density Source size Radio position (1950.0)

(mjy) (arc sec) Right ascension Declination

Radio-Optical position difference Comments'

6 - <S
r o

0026+129 5.4 ±0.9 < 17 (E-W) 00h26m37f89 ± 0?13 +12°59'43" ± 15" -2I.l5±_2V0

0906+484 < 2.7

1001+054 < 2.7

1351+640 78 ± 2 < 6 (N-S) 13h51m46?13±0?44 +64°00'29I.'8± 0V6

+13"±16'

0"±0V8

(6!0, -110°,
265 (extended))

(3!4, 120°, 192
(possibly extended))

r.m.s. noise=l .0- tnjy

Note to table 2:

a.
Nearby sources listed with respect to the quasar as (angular distance, position angle, flux density in mjy).



Table 3. Available flux densities of the four quasars.

0026+129

0906+484

1001+054

1351+640

1.415 GHz1

(nJy)

5.4 CtO.9)

< 2.7

< 2.7

78 (+2)

August 1977

2.695

(mJy)

< 5

< 5

48

March 1977

4.885 GHzJ

(mJy)

1.8 (±0.3)

< 0.6

< 0.6

32.0 (±1.4)

June 1978

8.085 GHz

(mJy)

< 5

< 5

< 5

45 (±5)

March 1977

90 GHz

(iaTy)

190 (+40)

-

-

-

November 1980

1 2 3 4
References: this paper; Shaffer and Green (1978); Condon et al. (1981); Owen and Puschell (1982).



Table 4. 3adio to optical flux ratio's.

Quasar

0026+129

0906+484

1001+0

1351+640

B

15.56

16.79

16.50

14.75

Minimum

log R

0.2

1.1

0.9

-0.2

Observed

log R

0,9

<1.1

<0.9

1.6
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Figure 1.

Radio spectra of the two detected quasars at centrimetric

wavelengths. The flux densities are listed in table 3.

The arrows indicate upper limits.

120



v. 2. On the identification of the high-latitude X-ray
source 2A1219 + 305

A. S. Wilson*, M. J. Ward and D. J. Axon Astronomy Centre.
University of Sussex, Falmer, Brighton BNl 9QH

M . ElviS X-ray Astronomy Group, Physics Department, Leicester University,
Leicester LEI 1RH

E . J . A . MCUrS Sterrewacht, Huygens Laboratorium, Wassenaarseweg 78,

Leiden, The Netherlands

Received 1978 September 14; in original form 1978 June 12

Summary. X-ray, radio and optical observations of the unidentified high
galactic-latitude X-ray source 2A1219 + 305 are reported. New observations
with the Ariel V Sky Survey Instrument have been used to reduce the area of
the error box to 0.028 deg2. The flux density of the X-ray source exhibits
irregular variations, indicating that the X-rays originate in a region less than
0.1 pc in extent. A deep survey in 1.4-GHz continuum radiation with the
Westerbork telescope reveals only one radio source inside the contour of
90 per cent positional confidence. This relatively intense (266 mJy) source
is probably a double,'with each component strongly linearly polarized, but
no optical identification is found. A second, weaker (57mJy) source lies on
the edge of the error box, is unresolved and coincides with a 16 mag blue
stellar object. This object exhibits a power-law optical continuum spectrum
{Fv « v~" with a = 1.90) and no significant emission or absorption features. It
appears to be a BI Lac object and may be considered the most likely
candidate for identification of the X-ray source.

1 Introduction

The last two years have seen a remarkable increase in the number of X-ray sources identified
with active, compact, extragalactic systems. The best-defined class of these objects is type 1
Seyfert galaxies (Elvis et al. 1978; Tananbaum et al. 1978), but sharp emission-line galaxies
with active nuclei (Ward et al. 1978), quasars (Apparao et at. 1978; Ricker et al. 1978) and
BLLac objects (Ricketts, Cooke & Pounds 1976; Schwartz et al. 1978; Mushotsky et al.
1978) may now be recognized as classes of X-ray emitter. The last two classes comprise only
about three objects each, so their properties as a group cannot yet be meaningfully defined.
For this reason, and also because it is possible that hitherto unrecognized classes of compact,
* Present address: Astronomy Program, University of Maryland, College Park, Maryland 20742, USA.
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extragalactic X-ray emitters exist, we are conducting a programme of X-ray, radio and
optical observations of unidentified high-latitude X-ray sources, especially those listed as
variable in the '2A' catalogue (Cooke ei al. 1978). in the present paper, results for the source
2A1219+305 are reported.

2 X-ray observations

The X-ray source 2A1219+ 503 is one of the best observed in the *2A' catalogue of high
galactic-latitude sources (Cooke et al. 1978). Since the completion of the catalogue,
approximately SO per cent more data have been collected by the Ariel V Sky Survey Instru-
ment (SSI, Villa et al. 1976). These additional data have enabled a reduction in the area of
the 90 per cent confidence error box to 0.028 deg2, an improvement by more than a factor
of 3. The coordinates of this improved box are given in Table 1.

Table 1. SSI 9C
2A1219 + 305.

Centre
Coiners

An»

) per cent confidence error box for

(deg 1950.0)
RA

184.63
184.46
184.63
184.77
184.61
0.028 deg1

Galactic coordinates of centre
/= 186.36 b = 82.66

Dec

30.48
30.44
30.62
30.52
30.34

2A1219 +305 was noted as an irregular variable in the *2A' catalogue. Fig. 1 shows the
light curve for the source. The error bars are ± lo and the source is almost certainly variable.
The scatter of the measurements may be compared with the SSI data for the non-variable
Coma cluster of galaxies, 2A1227 + 283 (Elvis 1976) which lies close to 2A1219+305 on
the sky.

X-ray variability has now been reported for nine of the 30 or so X-ray sources identified
with active galaxies. Time-scales range from years down to, possibly, minutes (CenA,
Lawrence, Pye & Elvis 1977; NGC4151, Tananbaum et at. 1978). In the case of 2A1219 +
305, the drop in flux density over ~ ISO day seen in the second half of 1977 is significant at

3

Flux Density
(SSI counts s1) 2

a

|

[ 1
i

1975

2A1219

i

'1.
IWI

• 305
1976 1977

1

-

Il

MTD

Figure I. X-ray light curve for 2A1219 +305 from the end of 1974 to the beginning of 1978. 1SSI
count/s = S.I X 1 0 " erg cm"' s 1 (2-10keV).
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Identifying the X-ray source 2A1219+305

the 3.5 o level; if the two points near 2.7 SSI count/s in 1977 are averaged, this significance
becomes 4.9 a. On the basis of the usual light travel-time arguments, the size of the X-ray
emitting region must, therefore, be less than 0.1 pc.

3 Radio observations

Since X-ray emitting active galactic nuclei are often radio sources (e.g. de Bruyn & Wilson
1976), a sensitive, high-resolution radio survey may assist in identification. We have, there-
fore, mapped the error box of 2A1219 +305 and its surroundings with the Westerbork
Synthesis Radio Telescope (Hogbom & Brouw 1974; Baars & Hooghoudt 1974; van Someren
Gréve 1974) in 1.4-GHz continuum radiation. The field (centred at a = 1 2 h 1 9 m 0 0 ' ,
6 = + 30c31' 1".2,1950.0) was observed for 1 x 12hr with 12 antennae, the shortest baseline
(separation of telescopes 9 and A) being 54 m and the longest (separation of telescopes 0
and B) 1422 m. The synthesized beam measures 2 3 x 4 6 (ax6)arcsec, the radius of the
first grating response 10x20 (ax5)arcmin and the FWHM of the primary pattern of the
individual paraboloids 36arcmin, much larger than the extent of the X-ray source error box.
The sensitivity (1 x rms noise) is about 0.4 mJy/(beam area).

Unfortunately, it has, so far, been possible to use only 754hi (ha from - l h 3 0 m to +6h)
out of the 12hr in making the map. The resolution and sensitivity are only slightly degraded
by the omission of 4&hr of data, but undesirable sidelobes are introduced into the instru-
mental response. We have, therefore, used the CLEAN technique (Högbom 1974) to reduce
the effects of these sidelobes, producing the map shown in Fig. 2. All of the results described
below may also be derived from the uncleaned map.

12H19M20S 12HI8MI10S
I I I I

'i ".

12H|7«20S
I I I

30N0' - ,

'i »

30*30' -

30 '20 ' -

- 30*40'

- 30*30'

- 30*20"

I I I

t-'PBW

I I I
12H18MQ0S

Figure 2. Weiterbork map of 1.4-GHz total-intensity continuum emission in the field of 2 A1219 + 305.
The large ellipse represents the Ariel V (SSI) 90 per cent confidence contour for 2A1219+ 305. The
resolution 23 X 46 ucsec is indicated by the filled ellipse in the bottom-right corner. Contours are plotted
at -1 .5 .1 .5 ,3 ,5 ,10,20,40,80,160mJy/(beam area). Coordinates are for 1950.0.
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Table 2. Radio sources inside ot close to the SSI error box for 2A1219 + 305.

Name

RSI
RS2*
RS3
RS4

0(1950.0)
h m s s

12 18 22.09 i 0.09
12 18 28.15 ± 0.16
12 18 40.78 t 0.05
12 18 51.63 ±0.04

5(1950.0)
° ' " "

+ 30 38 48.2 ± 2.3
+ 30 27 52.4 ± 4
+ 30 40 53.3 ± 1.4
+ 30 27 14.0 ± 1.1

n j : .

nuA ucmi
(mJy)

9.6 ± 1
266.0 ± 25

20.4 i 2
56.7 ± 2

* The position given is that of the radio peak.

One radio source lies within the contour of 90 per cent positional confidence of the X-ray
source, another lies very close to the contour and two others lie nearby but outside. A
number of other weak sources are found, but are probably too far outside the error box to
be related to the X-ray emitter. The positions and flux densities of these four sources which,
for the purposes of the present discussion,have been designated RSI, 2 ,3 and 4 are listed in
Table 2. Errors in position and flux density have been derived using the methods of Willis,
Oosterbaan & de Ruiter (1976).

The strongest radio source, RS2, lies close to the centre of the X-ray source error box.
This source is extended and, although the components are not completely separated at our
resolution, the structure is probably a double some 40 arcsec apart in pa 150°. Each com-
ponent is appreciably (15—20 per cent) linearly polarized at 1.4GHz, the south-east one in
pa = 56°, the north-west one in pa =* 172°. An examination of the Palomar Sky Survey (PSS)
reveals no optical object near the centroid of RS2, although a very faint one lies some
30 arcsec to the south of the radio peak. The positions of this and other optical objects of
interest (see below) have been determined to an accuracy of 1 arcsec from the PSS prints
by means of the 'Coradograph' measuring machine of the Royal Greenwich Observatory
and the technique described by Wilson & Meurs (1978). The position of the faint object is
a=12h18m27*.9O, 6 = + 30°27'19".2 (1950.0); there is, at the present time.no reason to
believe it is related to RS2 or the X-ray source.

The second brightest radio source in the central part of the map, RS4, lies very close
to the contour of 90 per cent confidence and is unresolved by our beam. There is weak
(= 2 x rms noise) evidence for linear polarization at a level of about 3 per cent; a firm upper
limit is < 4 per cent. This source coincides with a 16mag blue stellar object to better than
2arcsec (optical position: a= 12h18m51 s .77, 5 = + 3O°27'l4".O, 1950.0). This positional
coincidence argues strongly in favour of the identification of the radio source with this
object, which is marked A in Plate 1.

Neither of the two weaker sources, RSI and RS3, are linearly polarized, although the
limits (< 24 per cent and < 11 per cent for RSI and RS3 respectively) have little physical
significance. Also, neither coincides with an optical object on the PSS.

4 Optical observations

Optical spectra of several of the brighter objects inside and near to the X-ray error box have
been obtained with an EMI tube attached to the Image Tube Spectrograph of the Isaac
Newton Telescope (2.5 m) at the Royal Greenwich Observatory. The dispersion is 210 A/mm
and the wavelength range 3400-7000 A. The objects for which spectra have been secured
are indicated in Plate 1. Some of these objects lie outside the 90 per cent confidence contour
because a preliminary error box, on which basis the objects were selected, was displaced
to the south-east. With the exception of A, all objects show only normal stellar absorption
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Plate I . Enlargement of the red Palomar Sky Survey print. The ellipse represents the Ariel V (SSI)
90 per cent confidence contour for 2A 1219+305. Objects for which optical spectra have been obtained
are indicated. Objects A (which coincides with the radio source RS4) and B are discussed in the text.
The symbol -\- marks the position of peak brightness of the strong, extended radio source RS2. The
extended features some 70 arcsec to the south-east of the radio peak are presumably plate defects
since they are, invisible on the blue print.
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-25 .0

-26.5
14.5 14.6 I4.B14.7

Log v(Hz)

Figure 3. Optical spectrum of object A s RS4, derived from five-colour (UBVRI) photometry with the
UK 60-inch flux collector in Tenerife.

lines at close to zero redshift, indicating that they are stars within our own Galaxy. Object
A, which coincides with RS4, exhibits an intense blue continuum with no emission or
absorption lines. (The slit of the spectrograph is oriented east—west so a spectrum of object
B, position a= 12h18m538.04, 5 = + 30°27'15".4, is obtained simultaneously. B shows
stellar absorption lines at zero redshift.) Two additional spectra of object A were secured
with the Ritchey—Chretien spectrograph (dispersion 188 A/mm) and an RCA image
intensifier attached to the 4-m telescope of the Kitt Peak National Observatory. Although
very weak features may be present in these spectra, we have not been able to determine a
redshift.

The nature of object A has been further investigated by means of five-colour {UBVRI)
photometry with the UK 60-inch flux collector in Tenerife. The results are: U= 16.00mag,
B = 16.50 mag, V = 15.85 mag, R = 15.23 mag, / = 14.37 mag, with errors of about 0.05 mag.
Fig. 3 shows that a power law, Fv <xv~a with a= 1.90, describes the spectrum very well.
Such colours (U-B = - 0.50, B-V- 0.65, U-V= 0.15, B-R = 1.27) and the existence of a
power-law spectrum are typical properties of BL Lac objects (Kinman 1976; Stein, O'Dell &
Strittmatter 1976).

5 Discussion

If the optical identification of 2A 1219 + 305 is a member of a known type of X-ray emitter,
it must be either a galactic stellar source, an active galaxy, quasar or BLLac object.
(Identification with an extended source is ruled out by the X-ray variability, Fig. 1.) Associa-
tion with a galactic object seems implausible in view of the high galactic latitude (b = 83°).
There are no bright galaxies in or near the error box. At least two faint galaxies do lie inside
the box, but neither appears to possess a bright nucleus.

Our study does not point unambiguously to the identification of the source. However,
we have found two objects which may be considered plausible candidates. The first is the
strong, probably double, radio source RS2, for which we have found no optical identifica-
tion. The second, and much more likely, candidate is the radio source RS4 which coincides
with a 16 mag blue stellar object (object A on Plate 1), whose compact radio emission and
featureless, power-law optical spectrum suggest that it is a BL Lac object. At least two other
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BLLac objects Mark 421 (Ricketts et at. 1976; Cooke etal. 1978) and Mark 501 (Schwartz
etal. 1978) are known to be X-ray emitters.
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Notes added in proof

(a) After completing this paper, we received a preprint from the HEA0-A3 group (D. A.
Schwartz, R. E. Doxsey, R. E. Griffiths, M. D. Johnston & J. Schwarz) reporting a precise
X-ray position for 2A 1219+305. Their position confirms the identification of the X-ray
source with the probable BL Lac object (object A = RS4) reported and discussed above.
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(b) A. G. Willis and A. S. Wilson have observed 2A1219 +305 with the Very Large Array
at 5 GHz. Preliminary results show that object A = RS4 has a flux density 5(5 GHz) =
52mJy and a size <0.5arcsec. The spectral index between 1.4 and 5 GHz is thus a = 0.07
(S a v~a). Such a flat radio spectrum strongly supports the BL Lac nature of the object.
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Summary. A discussion is presented of VBLUW photometry of
the central area and the area along the N/S axis of the Seyfert
galaxy NGC 1566, made in 1977 and 1978. The light curve does
not show much variation of the nucleus within the six months of
observation. All available UB V photometry from literature has
been used to discuss the magnitude- and colour-aperture diagrams.
No convincing evidence is found for any strong variation of the
nucleus from 1963 up to 1978. The uncertainties involved in the
UBV photometries and in the precise setting of the diaphragms
are serious difficulties, which can wipe out possible small ampli-
tude variations. The central region within a diaphragm aperture
of 23" is redder than the spiral arms by ~0.25 mag in (B-V)j,
which is likely caused by the difference in population type. The
colours of the spiral arms point to a large contribution of H n
regions. The interstellar extinction is estimated to amount to
/ l o g 0 . 7 5 mag.

Key words: Seyfert galaxies - active nuclei of galaxies - VBLUW
photometry

1. Introduction

The Seyfert galaxy NGC 1566 is one of the nearest active galaxies.
It is a member of the Dorado group, with a distance modulus
m-Af=30.6 (in blue light), or r = l l Mpc. According to de Vau-
couleurs (1973) its type is SAB(s)bc. From an analysis of the
magnitude-aperture relation based on photoelectric and photo-
graphic data, he concluded that the nucleus varied between 13.5
and 14.6 mag and that it contributes 2-5% to the total blue
luminosity of the system.

Photoelectric photometry (UBV system) with different aper-
ture sizes has been made by (in chronological order): 1963:
Shobbrook (1966), 1971/1972: Alcaino (1974), 1971: Smith et al.
(1972), 1972/1973: Alcaino (1976), 1973: Osmer et al. (1974),
1974/1975: Dottori (1979), 1974/1975: Penfold (1979). Computed
UBV data for the continuum of the central region are given by
Alloin and Sareyan (1974). They are transformed from inter-
ference filter observations made in 1971. Since they do not re-
present the real UBV data with emission lines, they were not
used in this paper.

We present here VBLU W photometry (Walraven system) and
the equivalent values for V and B-V of the UBV system (with

Send offprint requests to: A. M. van Genderen

subscript J) of the central area and of the surface along the N/S
axis. These observations have been made in 1977 and 1978.

2. Observations and Reductions

The observations were made with the VBLUW simultaneous
photometer attached to the 90-cm light collector of the former
Leiden Southern Station (at the SAAO annex), South Africa,
from September 19,1977 up to March 28, 1978. A description of
the photometer and the photometric system is given by Walraven
and Walraven (1960), Rijf et al. (1969), and Lub and Pel (1977).

Two comparison stars were used: a 12th mag star ~ 12s E of
NGC 1566 (called c 1) and the 1 Oth mag star H D 31050 (called c 2).
The latter was used as a comparison star in the RR Lyrae star
program the results of which were published by Lub (1977). Both
appear to be unreddened F type main sequence stars (Table 1).

Two types of observations were made. Firstly: the central
area was measured thirteen times between the above mentioned
dates, with a 23" and once with a 15" diaphragm aperture (Table
2). Secondly: surface photometry was performed along the N/S
axis at regular distance intervals of 15" with the 23" diaphragm
on October 10/11 and November 10/11 1977 (Table 4). Integra-
tion times were usually 4 x 26 s. Photometric data in the VBLUW
system of c 1 were derived by a comparison with standard stars.
Those of c 2 were taken from Lub (1977, Table 2). Sky measure-
ments were taken 45" N o f c f . Corrections for differential ex-
tinction were applied.

The V-B colour index of the VBLUW system, given in a log
intensity scale is transformed into the equivalent B-V colour
index of the UBV system (denoted in this paper by a subscript J)
by means of Table 7 in Walraven et al. (1964) and revised because
of a change in the V passband (Lub and Pel, 1977). The V, (the
Kmag in the UBV system) was transformed from the V of the
VBLUW system, using the formula given by Pel (1976). Because
of the presence of emission lines in the spectrum of the nucleus,
these transformations may introduce errors, perhaps up to a
tenth of a mag. It is not possible to transform the ultra-violet
bands of the VBLUW system into the U-B of the UBV system.

3. Results and Discussion

Table 2 lists the brightness(es) and colours of the central region
as measured in 1977/1978. They are plotted in Fig. 1 as a function
of Julian Date: that is the Vj, (B-V)j (in mag) and the two colour
indices of the VBLUW system B-L and B-U (in log intensity
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Table 1. Photometric data of the two comparison stars in the VBLUW system (log intensity scale) and UBV system (with subscript
J, in mag)

Star

HD31O50(c2)
c l

V V-B

(log intensity)

-1.203 0.166
-2.011 0.221

B-L

0.194
0.242

B-U

0.328
0.326

U-W

O.!67
0.2S

V,

(mag)

9.86
11.87

(B-V)j

0.42
0.54

Probable
spectral
type

F 4 v
F 8 v

Table 2. Brightness and colours of the central part of NGC 1566 (observed through two dif-
ferent apertures) in the VBLUW system (in log int.) and in the UBV system (in mag). Average
standard deviations are given at the bottom of each column

J.D.-

3406.53
3421.51
3427.53
3453.53
3453.53
3458.51
3464.47
3487.44
3494.45
3515.33
3517.40
3539.30
3543.29
3596.23

Diaf.

°
23
23
23
23
15
23
23
23
23
23
23
23
23
23

V V-B

(log intensity)

-2.183
-2.176
-2.168
-2.177
-2.437
-2.190
-2.167
-2.174
-2.175
-2.177
-2.181
-2.168
-2.163
-2.189
±0.008

0.375
0.387
0.396
0.383
0.368
0.393
0.389
0.381
0.382
0.391
0.382
0.397
0.394
0.400
0.007

B-L

0.301
0.272
0.304
0.316
0.255
0.327
0.277
0.320
0.335
0.264
0.338
0.343
0.304
0.315
0.025

B-U

0.406
0.367
0.347
0.406
0.404
0.365
0.362
0.397
0.376
0.359
0.391
0.374
0.379
0.382
0.018

y,

(mag)

12.27
12.25
12.23
12.25
12.91
12.29
12.23
12.25
12.25
12.25
12.26
12.23
12.22
12.28
0.02

0.90
0.93
0.94
0.92
0.88
0.94
0.93
0.91
0.91
0.93
0.91
0.94
0.94
0.95
0.02

Table 3. Average photometric data (and mean errors) of the central part of NGC
1566 observed through the 23" diaphragm in 1977/1978

V V-B

(log intensity)

-2.176 0.388
+ 0.002 ±0.002

B-L

0.309
±0.007

B-V

0.378
±0.005

U-W

0.19
±0.10

Vj

(mag)

12.25
± 0.02

(B-V),

0.93
±0.02

scale). Since the readings in W are very low, we omitted the colour
index U-W, but an average value is listed in Table 3. The average
standard deviations are added at the bottom of Table 1 and
indicated by vertical bars in Fig. 1.

As can be seen there is not much indication of variability on
a time scale shorter than six raonthi'lt must be stressed that an
important fraction of the scatter may be caused by wrong settings
of the diaphragm on the central region. Penfold (1979) observed
the central area eleven times during two years (1974 and 1975)
and did not And significant variations either. His scatter is larger
than ours, but that can be explained by the use of a smaller
diaphragm viz. 14'.'3.

Figure 2 shows in the upper panel the magnitude-aperture
diagram for all the available 07?I'data (see Sect. 1). The average
value of our observations as listed in Table 3 (J3") and the one
observation made with the 15" diaphragm are also plotted. Pen-
fold's 1473 diaphragm data are averaged. The dotted curve is
drawn through all observations. If the nuclear luminosity varies
with time, different magnitude-aperture relations will result for
different epochs. Thus one should observe increasing divergence
toward smaller apertures. By analysing Shobbrook's and Smith
et al.'s data and older photographic material, de Vaucouleurs
concluded that the nucleus was strongly variable viz. from 13.5
to 14.6 mag. Apart from our data and perhaps also for those of
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Fig. 1. The light- and colour curves of the central region of NGC
1566 from September 1977 up to March 1978 in V and B-V of
the UBV system (with subscript J and in mag scale) and in B-L
and B-U of the VBLUW system (in log intensity scale). Standard
error bars are indicated at the right

V • Shobbrook 1963ta0smer et ol 1973
^ O Smith ©lol 1971 oF^nfotd 1974/75

• Alcaino 197V72UDotton 197I./75
1972/73j*This paper 1977/78

Fig. 2. The magnitude- and colour-aperture diagrams (for the
UBV data)

Shobbrook, no clear divergence is evident. Thus one is inclined
to conclude that at least between 1971 and 1975 the nucleus was
rather stable. Our 15" diaphragm observation is based on three
measurements of 2 x 26 s integration time made in one night. The
deviation with respect to the mean curve amounts to ~0.4 mag.
Thus a lower luminosity for the nucleus in 1977/1978 may be
possible, but this conclusion should be considered with reserve.

To judge the reality of the systematic deviation of Shobbrook's
Vj data compared to the others, one should look at the other
panels of Fig. 2, which show the colour index-aperture relations.
The smaller the aperture, the bluer the colour should be, because
of the increasing influence of the nucleus. The dotted curve is

drawn through the observations of Smith et al. and Alcaino (all
made in 1971-1973). With increasing diaphragm (>40"), the
curve need not to be smooth, but may jump up to smaller indices,
because of the influence of population 1 concentrations in the
spiral arms now included in the diaphragm. Obvious is the large
systematic deviation of Shobbrook's (B-V)} (by ~0.1 mag) and
(U-B)j (by ~0.2 mag) indices compared to the others. This may
be an indication that the nucleus was much brighter in 1963, but
let us now compare Dottori's data with those of Shobbrook: in
Vj the curves coincide, but in (B-V)j and (U-B)j the difference
is very large. This inconsistency casts doubt on the reliability of
the UBV photometry of one or both of these authors. It is also
possible that Dottori's setting with the smallest diaphragm was
wrong.

It is known that the transmission curves of the UBV system
can be slightly different from equipment to equipment, since it is
difficult to reproduce exactly the original ones of Johnson. When
one observes objects with strong emission features, larger differ-
ences up to a few tenths of a mag in the photometry of different
authors can be introduced. This is clearly demonstrated by Ahri-
pova and Mustel (1975) in the case of novae. We have the feeling
therefore, that the scatter in Fig. 2 may be explained partly by
this effect and partly by the setting differences, rather than by a
variable nucleus. The conclusion is that the available photometry
does not offer much evidence for a strongly variable nucleus
during the years 1963 up to 1978. Long time baseline observations
by one and the same equipment is the only reliable method to
study the variability of nuclei in active galaxies accurately.

The results of the second type of photometry viz. the surface
photometry along the N/S axis (mentioned in Sect. 2) are tabu-
lated in Table 4. It is evident that the colour indices of the centra]
area of NGC 1566 (23" diaphragm) are redder by -0.25 mag in
V-B [and (B-V)j] and the other colour indices than when the
spiral arms are measured (see for the isophotes of NGC 1566
Fig. 4 in de Vaucouleurs), which are the places of the population 1
objects. The position of the central area in the two-colour dia-
grams of the VBLUW system also suggests that this region is
mainly populated by late type stars. Since the nucleus decreases
the colour indices and is supposed to emit more flux in the ultra-
violet than in the blue, the upper limit of the reddening is esti-
mated to amount to fK_BS0.1. That is £,„_,,,,g0.25 mag or
/J^gO.75 mag. De Vaucouleurs' extinction of ~0.3 mag is be-
low this limit, but may be somewhat too low.

When the colours of the outer areas are plotted in the two-
colour diagrams, the presence of sources with strong ultra-violet
fluxes like O and B type stars is suggested (as expected), but with
much higher reddening values: £V_B~0.3 or E(B-v)j~Q.S mag
or -4Kj~2.3 mag. This could be due to more dust in these areas,
but since the inclination is small: i'~30° (de Vaucouleurs) the
lightway through the dust layer of NGC 1566 is small. Therefore
the high reddenings may be spurious and the too red colour
indices may arise partly by another cause: VBLUW photometry
of Hn regions in the Magellanic Clouds showed the V-B index
to be redder than for O and B type stars, viz. V-B~0.1-0.2,
while the indices B-L and B-U are bluer (Greve et al., 1980). We
therefore suppose that much of the flux in the spiral arms comes
from HII regions.
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Table 4. Surface photometry of NGC 1566 performed with the 23" diaphragm along the N/S axis at regular distance intervals of 15".
The errors at the end of the table indicate the range in standard deviation from central part to the edge of the galaxy

J.D.-
2440000

3427.53

3458.91

Position

Central part
S
S
S

Central part
N
N
N
N

Distance
to nucleus
(")

0
15
30
45

0
15
30
45
60

V V-B

(log intensity)

-2.168
-2.526
-2.83
-3.26

-2.190
-2.511
-2.80
-3.13
-3.38
±0.010

±0.03

0.396
0.399
0.33
0.39

0.393
0.373
0.29
0.30
0.30

±0.010
11

±0.03

B-L

0.30
0.35
0.27

(0.35)

0.33
0.32
0.16

(0.32)
(0.15)

± 0.03
I1

+ 0.15

B-U

0.35
0.34
0.32

(0.38)

0.36
0.35
0.24

(0.49)
(0.14)

± 0.02
I
1

+ 0.20

Vj

(mag)

12.23
13.12
13.89
14.96

12.29
13.09
13.83
14.64
15.27

+ 0.03
i1

± 0.08

(B-V)j

0.94
0.95
0.79
0.93

0.94
0.89
0.70
0.74
0.72

±0.03
11

+ 0.08
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SAMENVATTING

De sterren in het heelal, waarvan de zon er één is, zijn verenigd in groepen:

de sterrenstelsels, of ook wel melkwegstelsels. Belangrijke voorbeelden hiervan

zijn het Melkwegstelsel waar wij ons in bevinden, en de Andromeda-nevel.

Het onderzoek van de talloze sterrenstelsels die het heelal bevolken heeft

uitgewezen dat daarin een aantal componenten zijn te herkennen, waaronder een

centrale kern. Bij sommige sterrenstelsels blijkt deze kern opvallende

verschijnselen te veroorzaken, en wordt aangeduid met de term actief. Dit slaat

onder meer op het grote energetisch vermogen waarmee in meerdere gebieden van

het elektromagnetisch spektrum uitgezonden wordt, en op de vermoedelijk sterke

gasbewegingen die in en bij die kern waargenomen worden. Sterrenstelsels

waarvan de kern deze twee activiteitskenmerken vertoont heten Seyfert stelsels.

Dit proefschrift is gewijd aan de bevolking van Seyfert stelsels, en aan

een paar hier aan verwante objecten. Met de radioteleskoop in Westerbork is

een uitgebreid verkennend waarnemingsprogramma uitgevoerd aan deze Seyfert

stelsels. In hoofdstuk II worden een aantal nauwkeurige optische posities

voor deze stelsels gepresenteerd. Zij waren onontbeerlijk bij het uitwerken

van de radio waarnemingen, waarvan de resultaten in hoofdstuk III gegeven

worden. Seyfert stelsels blijken geschikte objecten te zijn voor een

verkennend radio onderzoek: bij een golflengte van 21 cm werd ongeveer

60% van de waargenomen stelsels gedetecteerd.

In hoofdstuk IV worden de resultaten van de observaties vervolgens nader

geanalyseerd. Nagegaan wordt - zowel optisch als in radio - hoeveel Seyfert

stelsels van een bepaalde lichtsterkte er in onze omgeving aanwezig zijn

per volume-eenheid van het heelal. Dit verband wordt aangeduid als

lichtkracht functie.

In het optische gebied van het spektrum blijken Seyfert stelsels en

optisch geselecteerde quasars ook wat hun lichtkracht functie betreft bij

elkaar aan te sluiten. Hierbij wordt opgemerkt dat de optische lichtkracht

functie van veld-sterrenstelsels bij de hoogste lichtsterktes een vlakker

verloop moet krijgen dan door een extrapolatie van een veel gebruikte vorm

voor deze lichtkracht functie wordt aangegeven.

De radio lichtkracht functie van Seyfert stelsels wordt in dit proefschrift

voor het eerst afgeleid. Er is een aanwijzing dat ook de radio lichtkracht

functie van de optisch geselecteerde quasars een voortzetting is van die van

de Seyfert stelsels, alhoewel er nog maar weinig radiogegevens van optisch

geselecteerde quasars voorhanden zijn. Op grond van de respectievelijke
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radio lichtkracht functies is het nog niet mogelijk een conclusie te trekken

over het verband tussen de centrale radiobronnen van Seyfert stelsels en

gewone sterrenstelsels.

In hoofdstuk V worden de resultaten gegeven van enige waarnemingen van

aan Seyfert stelsels verwante objecten. In §1 van dit hoofdstuk worden

Westerbork waarnemingen van vier heldere, optisch geselecteerde quasars

besproken. De spectrale informatie die met behulp van deze radio waarnemingen

nu verkregen is wijst op het mogelijk voorkomen van synchrotron zelf-absorptie

in deze bronnen, hetgeen het uitzenden van veel radiostraling verhindert.

In §2 wordt beschreven hoe een Westerbork waarneming meegeholpen heeft aan

de identificatie van een rontgenbron met een zogeheten BL Lacertae object.

In §3 tenslotte worden de resultaten van een optisch fotometrisch onderzoek

van het Seyfert stelsel NGC 1566 behandeld.
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STELLINGEN

behorende bij het proefschrift

"The Seyfert Galaxy Population"

1. Voor radio waarnemingen van actieve melkwegstelsels kan men toch maar

beter interferometers gebruiken.

Bieging et al., 1977, Astron.Astrophys. 60,353
Biermann et al., 1980, Astron.Astrophys. 81,235
Colla et al., 1975, Astron.Astrophys.Suppl.Ser. 20,1
Malumian, 1981, Astrofizika 17,245
Sanamian and Kandalian, 1978, Astrofizika 14,623

2. Twee-dimensionale fotometrie van melkwegstelsels met actieve kernen

is zeer gewenst.

3. De optische lichtkracht-functie van veld-stelsels heeft bij grote

lichtsterkten een veel vlakker verloop dan uit de veel gebruikte

Scheenter vorm volgt.

Dit proefschrift, hoofdstuk IV

4. Een waarnemingsprogramma bij een frequentie van ongeveer 100 GHz zal

een aantal detecties van optisch geselecteerde quasars kunnen opleveren.

5. In het werk van Garmany et al. (1980, Astrophys.J. 242,1063) over

massaverhoudingen van WR-dubbelsterren zit een selectie-effect dat

verhoudingen in de buurt van 1 bevoordeelt.

6. Het engelse bijvoeglijk naamwoord massive wordt, althans in de

sterrenkunde, vaak ten onrechte vertaald met massief.

7. De wel eens gehoorde veronderstelling dat het nederlands zich niet

leent voor exact-wetenschappelijk taalgebruik is niet juist.

8. Het is opmerkelijk dat voor argumenten betreffende mogelijke

staatsvormen van Nederland nog wel eens naar een 'film als "All the

president's raen" verwezen wordt, maar niet naar "Ludwig der Kranke".

9. Op het schilderij "Vrede - bijzetting op zee" en op de kleurschets

"Een brug bij zonsondergang" van William Turner is een penseelstreepje

te zien dat de jonge maansikkel voorstelt.

10. Sprinters worden ondergewaardeerd in de publieke opinie.

11. Vondsten bij een opgraving belemmeren de voortgang van het werk.

Evert Meurs Leiden, 24 mei 1982.


