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Summary. Thirteen extragalactic sources that fulfil the following
criteria 1) declination >70° and galactic latitude |b"] > 10°,2)
5GHz flux density >1Jy, and 3) spectral index between 2.7 and
5GHz > —0.5 (S ~ v**) were mapped with high angular resolu-
tion (milliarcseconds) at 1.6 and 5 GHz by means of VLBI. Initial
measurements at 10.6 and 22.2 GHz for four sources are also
reported. With the achieved dynamic ranges of ~ 50:1 the sources
display one to at least nine components on the milliarcsecond
scale.

The core components of all the sources are self-absorbed at
1.6 GHz with a median spectral index a¢ of 0.4 + 0.2 while the
secondary components have a median spectral index of —0.7 +
0.3 and display lower flux densities than the cores at all frequencies
above 1.6 GHz. Comparison of the measured to the predicted
X-ray flux density of the core radio components indicates that
all sources should display bulk relativistic motion with small
angles to the line of sight and thus the probability of displaying
superluminal motion is very high for these sources. There are
four new candidates for superluminal motion (0212 + 73,1150 +
81, 1928 + 73, 2007 + 77) among these 13 sources, as indicated
by rapid changes in their radio structures.

In this paper we present the analysis of the survey whereas
the maps and most of the tabular material are presented in Eckart
et al., 1986 (Paper II).

Key words: quasars: general — BL Lacertae objects — surveys
interferometry

1. Introduction

In order to study the physics of compact extragalactic radio
sources we are carrying out a detailed investigation of a complete
sample of flat spectrum objects over a large range of wavelengths
(from the radio to X-rays) and resolutions (from arcseconds, in
some cases even arcminutes, to milliarcseconds).

The motivation for this work is to obtain statistically mean-
ingful data to eventually answer the following questions: a) what

Send offprint requests to: A. Witzel

fraction of active galactic nuclei show the effect of relativistic
beaming? b) what is the physical nature of the “relativistic jets”
and their emission knots? ¢) what is the physical mechanism that
accelerates the electrons which radiate in the various knots of a
“relativistic jet™?

The sources were selected from the fifth installment of the
MPIfR-NRAO 5 GHz strong source surveys (Kiihr et al., 1981).
The selection criteria were as follows:

1) 6 > 70° |b" > 10°

2) S (4990 MHz) > 1Jy at the epoch of the survey

3) «(2.7,5GHz) > —0.5 (S ~v*9)

These criteria were fulfilled by 13 objects listed in Table 1. Their
optical identification revealed 7 QSOs and 6 BL Lac type objects.
First results on the milliarcsecond (mas) structures of the sample
have been given by Eckart el al., (1982) and by Eckart and Witzel
(1983). Some preliminary results of the X-ray, optical and radio
observations have been discussed by Biermann et al. (1981; 1982)
and Johnston et al. (1984). In this paper we present the results
of high resolution radio observations of the selected sources at
(up to) four wavelengths, including the results of repeated 6 cm
observations of 8 members of the sample as well as optical and
X-ray observations.

2. The observations
2.1. The optical observations

Optical data for the thirteen SS sources which meet the criteria
given in the introduction are listed in Table 1. In column (1) we
give the names of the radio sources, and in column (2) and (3)
the 1950.0 positions for their optical counterparts. These were
determined on Palomar Observatory Sky Survey (POSS) prints,
using a PDS microdensitometer; the positional r.m.s. uncertain-
ties are expected to be on the order of 0.6 arcsec. The positions
agree with accurate radio positions which are given in Witzel
and Johnston (1982).

In column (4) the optical identifications are classified as
“QSO” (optical emission lines present), or as “BL” (BL Lac type
object with featureless optical continuum and significant optical
polarization, e.g. P > 5%). Estimated optical magnitudes from
the POSS prints are listed in column (5), which are uncertain by
about 0.5mag. Emission line redshifts are presented in column
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Table 1. Optical data for the complete sample

Source RA (1950) Dec (1950) Ident. m, z? P (%) [o]
S50016 + 73 00 16 54.11 +731051.3 QSO 18.0 1.76

S50153 + 74 01 53 04.01 +74 28 05.8 QSO 16.0 234

S50212 + 73 02 12 49.93 +73 35405 BL 19.0 78+ 19 96.8 + 7.1
S50454 + 84 04 54 57.34 +84 27537 BL 16.5 cont 185+ 22 49.8 +34
S50615 + 82 06 15 32.74 +8203 564 QsO 17.5 0.71

S50716 + 71 07 16 12.93 +712615.1 BL 132 cont 139+ 1.2 11.1+24
S50836 + 71 08 36 21.56 +710422.1 QSO 16.5 2.16

S51039 + 81 10 39 27.79 +8110234 QSO 16.5 1.26

S51150 + 81 11 50 23.70 +811510.6 QSO 185 1.25

S4 1749 + 70° 17 49 03.43 +70 06 39.1 BL 16.5 0.76?

S51803 + 78 18 03 39.24 +78 27 54.8 BL 16.4 cont 352+ 04 96.2 + 0.3
S51928 + 73 19 28 49.38 +735145.1 QSO 15.5 0.36

S52007 + 77 20 07 20.55 +7743 582 BL 16.7 cont 151+ 09 874 4+ 1.7

2 Redshifts, spectral information, and optical polarization data taken from Biermann et al. (1981), and Kiihr

et al. (1986b)

b The optical position was taken from Crane, and Price (1976), a finding chart is given there, too. A redshift

was suggested by Arp et al. (1976)

(6) and are accurate to the 19 level; the detection of a featureless
optical spectrum is indicated by “cont.”.

The optical polarization measurements appear in column (7)
and (8). The polarimetric and spectroscopic observations have
been carried out at the Steward Observatory 2.3-m-telescope.
During repeated observations the “BL”s showed a high degree
of variability.

Finding charts for the optical counterparts were prepared
and are given elsewhere (Kiihr et al., 1986a).

2.2. VLBI observations and data reduction

The observations were carried out over a period of four years
from 1979 to 1983 using the facilities of the European and United
States VLB Networks. In addition we used the following non-
network stations: NRL and Crimea (see Table 2). A summary of
the individual sources, experiments etc. is given in Paper II. Here
we give a brief summary of the method of observation. The
observations were carried out at 18, 6, 2.8, 1.3cm wavelength,
and the data were correlated at the Max-Planck-Institut fiir
Radioastronomie in Bonn. For the observations below 1.3cm
wavelength the Mk II VLBI system with a bandwidth of 2 MHz
(Clark, 1973) was used. At 1.3 cm the Mk III VLBI system (Mode
B, bandwidth: 28 MHz, Rogers et al., 1983) was used.

Table 2 summarizes the epochs, frequencies, bandwidths, sta-
tions, and the observed sources along with comments on the
observing mode used in the different experiments. In almost all
experiments two or more sources were alternated with scan
lengths of 15 to 20min. This allowed observations of a large
number of sources with a dense u-v coverage and enabled correc-
tion for possible pointing errors through comparison of the visi-
bilities of the two sources.

In all cases where we had a sufficient number of measurements
(more than 80 to 100 measurements spread over the u-v plane)
the data were initially mapped at the MPI using the standard
data reduction techniques using closure phases and calibrated
amplitudes. The starting model was a point source in all cases.

Typically about 5—10 iterations per source were needed to obtain
a stable map. In a few cases there was so little data that only a
model with Gaussian components was fitted to the calibrated
amplitude data.

All but the 1.3cm data were re-mapped at the NRL using a
combination of the Caltech and AIPS data reduction packages.
The general structures for all sources were confirmed and in
some cases the dynamic range of the maps was significantly
improved due to improved calibration and model fitting the
residual visibility data. In Paper II we present the final hybrid
maps from which the individpal source components were mea-
sured as well as a table of component parameters.

The errors are estimated conservatively as: 109 for the com-
ponent flux densities and the source sizes; a fifth of the beam at
the wavelength used (i.e. 0.04 mas at 1.3cm, 0.09 mas at 2.8 cm,
0.2mas at 6cm, and 0.6 mas at 18cm) for the component sep-
arations.

An inspection of the errors of the position angles of individual
components or their separations that were measured from the
maps, as well as a comparison with the position angles obtained
from model fits to those read off from the corresponding maps
resulted in an estimate of the error in the position angles of 20°.

2.3. X-ray observations

Observations with the IPC aboard the EINSTEIN X-ray obser-
vatory of the sources 0016 + 73, 0212 + 73, 0454 + 84, 0716 +
71, 1749 + 70, 1803 + 78, 1928 + 73, and 2007 + 77 were made
starting in 1979. Early results have been reported in Biermann
et al. (1981). The flux densities have been rederived using repro-
cessed data. The details of the observations will be presented
elsewhere (Biermann et al., in preparation). EXOSAT observa-
tions were made of the sources 0615 + 82 and 1150 + 81 as well
as for some other sources (Biermann et al., in preparation).
The HEAO-A1 survey (Wood et al., 1984) was used to set
upper limits to the flux densities of the remaining sources 0153 +
74, 0836 + 71, and 1039 + 81. The X-ray flux densities derived
from the observations with the three different X-ray satellites for
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Table 2. Summary of experiments. Dwingeloo: Radiosterrenwacht Dwingeloo, Netherlands; GRAS: George R. Agassiz Radio Station,
Texas, USA; HAYSTACK: Haystack Observatory, Massachusetts, USA; Jodrell Bank: Nuffield Radio Astronomy Laboratories,
Great Britain; Crimea: Simeis Radio Astronomy Station, Crimea, USSR; MPIfR: Max Planck Institut fiir Radioastronomie (100 m
radiotelescope); NRAO: National Radio Astronomy Observatory, Green Bank, West Virgina, USA; NRL: Naval Research Labora-
tory, Washington, DC, USA; Onsala: Onsala Space Observatory, Sweden; OVRO: Owens Valley Radio Observatory, California,
USA; Westerbork: Radiosterrenwacht, Westerbork, Netherlands

Epoch Bandwidth

Frequency Integration Stations

Sources

Comments

(MHz) time (s)
1979.93 5010 240 MPIfR, HAYSTACK, All 13 sources 4 to 5 measurements per source
GRAS, NRL, OVRO but 1039 + 81 over a range of 12h
1980:11 5010 240 MPIfR, HAYSTACK, 1928 + 73,2007 + 77 Scans of 20 min length
OVRO switching between both
sources for 12h
1981.79 1666 360 Crimea, Dwingeloo, All 13 sources Five 20 min scans per source
Jodrell Bank, MPIfR, over a range of 12h
Onsala, NRAO,
NRL, OVRO
1982.95 4990 240 Jodrell Bank, MPIfR, 1928 + 73,2007 + 77 Scans of 15min length
Onsala Westerbork, switching between both
NRAO, NRL, sources for 12h
OVRO GRAS
1983.09 22235 180 MPIfR, Onsala, 0212 + 73,0454 + 84, Each pair was observed for
HAYSTACK, 0615 + 82,0836 + 71 12h for 13 min per hour
NRAO, OVRO and source. Scans of 13min
length, switching between
four sources for 12 h.
0212 + 73 and 0836 + 71
were preferentially
observed
1983.25 4990 240 MPIfR, HAYSTACK, 0716 + 71,0836 + 71
NRAO, OVRO 1039 + 81, 1150 + 81
1983.10 10650 240 MPIfR, HAYSTACK, 0016 + 73,0212 + 73 Both source pairs were
NRAO, OVRO 1039 + 81, 1150 + 81 observed for 12 h, switching
between 2 sources. Scans of
15min lengths
1983.92 4998 240 MPIfR, Westerbork, 0153 + 74,0212 + 73, Scans of 15 min length

Jodrell Bank, Onsala,
NRL, NRAO,

HAYSTACK, OVRO

1803 + 78

switching between 0153 + 74
and 0212 + 73 for 12h. For
1803 + 78 same network but
OVRO, full coverage, 12h of
observation

the sources in the sample are given in the last column of Table
4 (Paper II). It is important to note that the EXOSAT obser-
vations are most sensitive to absorption along the line of sight,
since the instrument cuts off at 2 keV, while the other two in-
struments are sensitive to higher photon energies. Thus there are
likely to be unknown systematic errors in the X-ray flux densities
arising from unknown absorption outside our galaxy and un-
known spectral index in the X-ray range. Here we have used the
absorbing column density derived from H 1 measurements in our
galaxy and an energy spectral index in the X-ray range of —0.5;
for details see Biermann et al. (1981) and Biermann et al. (in
preparation).

Table 3. General Source Structure®

Structure Wavelength
18cm 6cm 2.8cm 1.3cm
Unresolved 3(1) - - -
Slightly
resolved 2(0) 3(1) 2 -
Jet-like 8(5) 10(5) 2(1) 4(3)

* Figures in brackets correspond to BL Lac objects only
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3. Results
3.1. General source structures

Classifying the different objects as unresolved, slightly resolved,
or jet-like (two or more, aligned components or a single, heavily
elongated Gaussian component), we can summarize their mas
structure as given in Table 3. The figures in brackets correspond
to BL Lac objects. In our sample their structure does not differ
significantly from those of the quasars. At the higher frequencies,
the sources were generally more resolved. All the sources consist
of several components and appear to display asymmetric struc-
tures (with the possible exception of 1803 + 78).

The milliarcsecond source structure displayed by the S5-
sample at 6cm is typical of that displayed by compact extra-
galactic radio sources (see also Eckart, 1981). The structures in
Table 3 are similar to those found by Readhead and Pearson
(1981), who summarize the 6 cm structures of a similar sample
of radio sources taken from the NRAO-MPIfR Strong Sources
Surveys.

Since the overall radio spectra (at least for the quasars and
BL Lacs — our sample does not contain any galaxies) and the
radio through X-ray spectra — as far as measured — are similar
for the sources of both samples, the statistical results provided
by this paper can be taken as general for all extragalactic flat
spectrum radio sources in the corresponding flux density range
at 6cm wavelength.

3.2. The arcsecond structures

All 13 sources have been observed with the VLA at 6cm and
20cm wavelength (Ulvestad et al., 1981; Perley et al., 1980;
Johnston et al., 1984). In addition we have reobserved 1928 + 73
at 20 cm wavelength using the VLA in C-configuration. With the
MERLIN array we observed all sources but 1749 + 70 at 18 cm
wavelength. In all cases the MERLIN data is consistent with the
VLA data. In this paper we only summarize the global properties
of the arcsecond structures of the sample.

With the exception of 0716 + 71, which exhibits about 50%,
of the total flux density in diffuse emission on opposite sides of
the core (flux density ratio of the secondary components about
3:1), none of the sources show secondary components containing
more than 109 of the flux densities of the primary components
at wavelengths around 20 cm. Further significant emission from
secondary arcsecond components is found in 0836 + 71 (Perley
et al., 1980: 10% at 20cm and 2% at 6cm) and 1928 + 73
(Johnston et al., 1986, in preparation).

Weak evidence for emission from regions other than the cen-
tral components is found by Perley (1982) for 1039 + 81,
1150 + 81, 1749 + 70 and 2007 + 77. No significant emission
from secondary arcsecond components at dynamic range of 50:1
was found for the remaining 7 objects of the sample.

3.3. Component sizes and separations

Taking into account all the maps shown in Paper II at the various
frequencies and resolutions, no source remains unresolved. In-
cluding resolved halo type components like in 0615 + 82, the
number of secondary components varies from one to at least 9
(in the case of the complex jet in 1928 + 73).

After accounting for the known redshifts or their lower limits,
the projected linear separations (g = 0.05, H = 50kms~ ! Mpc™1)

of the mas source components range from at least 2 pc (lower
limit for the separation between the 4 and B components in
2007 + 77) to 124 pc (separation between the two compact com-
ponents of 0153 + 74).

We note that the overall linear sizes of the compact emission
at 1.6 and 5 GHz for the three sources which display the largest
mas structures and have known redshifts are of the same order,
although their redshifts are different (0153 + 74, z = 2.34, 124 pc;
0836 + 71, z = 2.16, 108 pc; 1928 + 73, z = 0.36, 113 pc).

3.4. Structural misalignments

Following Readhead et al. (1978) we expect a large fraction of
these sources to show a significant misalignment between the
mas and arcsec structure.

The largest misalignment occurs in the BL Lac object 0716 +
71. The change in position angle between the mas and the arcsec
structure is at least 70°. The smallest misalignment is displayed
by the source 0836 + 71 and is smaller than the error of 20° in
measuring the position angle of the structure.

3.5. Identification of components

In order to investigate the radio spectra of individual source
components and the kinematics of the sources, the individual
source components must be identified at different wavelengths
and epochs. Although only the relative positions of the source
components are known, in all cases reasonable identifications of
single components or groups of components could be made by
comparing the source structures at different wavelengths and
epochs, after taking into account the different dynamic ranges
and resolutions of the maps. A table of the individual compo-
nents is given in Paper II

3.6. Spectral indices

We investigated the distribution of the spectral indices calculated
between 18cm and 6cm wavelength. At these wavelengths we
have maps and models of all the sample sources and most of the
18 cm components have counterparts at 6 cm. For the calculations
we only used the most recent available 6 cm maps because these
have a better dynamic range than the early measurements in
1979/80. Generally only clearly identified components or groups
of components were used (see Table 3 in Paper II).

Corrections for resolution effects at 6 cm have been applied
for the sources that contain almost all the total flux density in
their 18 cm VLBI structure and/or have arcsec components of
known flux density. The reliability of the spectral indices suffers
from flux density variability of the sources between the 18 cm
and 6cm epochs, different resolutions, and different dynamic
ranges. Even though the spectral indices for individual compo-
nents are somewhat doubtful, we nevertheless think that the
median spectral index values of the secondary and primary 18 cm
components can be taken as representative for flat spectrum
sources selected by similar criteria as for this sample. The errors
on the median values were defined as half the interval that
contains about % of the values of the corresponding spectral
index distribution. Figure 1 plots the number versus the spectral
index for the primary and secondary components. The spectral
indices for the primary 18 cm source components are in all cases
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Fig. 1. The spectral index distribution between 18 cm and 6cm wave-
length. The spectral indices are calculated for the primary (P) and secon-
dary (S) components of the 18 cm hybrid maps (see Table 3, Paper II)

but one (1150 + 81) inverted and result in a median value of
+0.4 + 0.2. This indicates that the primary components are self-
absorbed at 6 cm wavelength.
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The spectral indices of the secondary components are less
than 0 in all cases and have a median value of —0.7 & 0.3. This
indicates that the secondary components are optically thin at
18 cm wavelength, having a median spectral index that is in good
agreement with the value of optically thin synchrotron sources
of —0.7 (Moffet, 1975) observed elsewhere.

3.7. Decomposition of radio spectra

In all cases we can decompose the overall radio spectra of the
sources into spectra of individual components. Figure 2 shows
the decomposed spectra of 6 sources which exhibit the largest
npumber of components or groups of components that are detected
at different frequencies. Extrapolating the component spectra
beyond the lowest and highest frequency where interferometer
measurements were carried out and taking into account the shape
of the overall radio spectra one can derive rough estimates (or
limits) of the cut-off frequency v,, and the corresponding flux
density S,,. Furthermore the VLBI data provide approximate
estimates of the component sizes 6, 5;. Using the relationship

vV (GHz)

I | I T T T
O153+74 0212+73
To]= - 10} o .
e AR
—_—.‘».._“ :’B\ ‘\‘
- BT 'r - X\flf;\c
\ S~ 8
\ A /
1 1 1 1 1 | RN
-1 | 0 -1 I 10
I I | ] T |
. 0716+7] 0836171
P 'O — - lO — cD -
= “l=e-- AB
p 29
| N
w | arcsec < ! [ arcsec ,M\_
structure structure N AN
\
1 1 1 | B
-1 =1 10
1 1 I T I 1
1928+73 2007+77
10} - 10 —~ Fig. 2. Decomposition of the overall radio
= ——— spectra of 6 sources into spectra of indi-
= *_"_N.\ Y vidual components. - Measurements of the
- ‘\\A 1 L~ = : RGeS multi-epoch radio spectrum. | VLB measure-
l I JAB | - AB
cD = ° ments of component spectra. Interpo-
< C lation of the multi-epoch radio spectrum. ------
1 1 1 1 | Interpolation of the component spectrum
-1 | 10 -1 | 10
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between the magnetic field strength B, the redshift z, S,,, v,,, and
0ypr (Kellermann and Pauliny-Toth 1969):

V= f()BYPSH20, f53(1 + 2)1/°
f()=8 fory=2

we can calculate the magnetic field strength B’ (using S,., 0y 151,
Vs 2), cut-off frequency v,, (using S,,, 0y .57, z and assuming B =
1073V G) and the component size 0 (using S,,, V.., z and again
assuming B as given before). For the sources of Fig. 2 this results
in the values listed in Table 4. Obviously the estimated and
calculated values are in good agreement and calculated magnetic
field strengths are always larger than the value By corresponding
to the energy of the 3K background radiation at the given (or
assumed) redshifts

Br=4(1 +2?107°G. Q)

®

Unfortunately, this agreement is due mainly to the functional
dependencies of the various quantities on the observables. The
lack of large discrepancies does imply that ordinary synchrotron
radiation from mostly homogeneous components is not ruled
out as an emission mechanism for these sources.

3.8. Kinematics

For 8 of the 13 sources of the complete sample second epoch
observations at 6 cm were made. The time difference between the
epochs is about 2 to 4 years. Four of the sources (0153 + 74,
0716 + 71,0836 + 71 and 1803 + 78) did not display significant
changes in their component separations. It should be noted that
of the four sources that show no discernible motions the two
with known redshifts (0153 + 74 and 0836 + 71) have upper
limits to any possible motion still in excess of any “typical” super-
luminal behaviour (v/c 2 10). For four of the sources (0212 + 73,
1150 + 81, 1928 + 73 and 2007 + 77) an incredse in the angular
distance D between their components was found. To convert the
angular velocities m = dD/dt (or their lower limits) into projected
velocities in units of the velocity of light we used the following

Table 4. Physical parameters of the components

expression (g = 0.05, H = 50kms ™! Mpc™?):

3.8-10*6

9= "T5

{0.05z — 0.95[(1 + 0.12)*/> — 1]} 3)
where 6 is in mas and ¢t in years.

Due to the fact that the BL Lacs do not appear to be extended
on deep photographic plates and CCD images, a value of z > 0.05
was assumed for their redshift.

Under the assumption that the error on the amount of change
in angular separation is less than 0.2 mas we can give upper limits
for the transverse velocity of the stationary quasar structures and
lower limits for the maximum possible projected velocities for
the BL Lac structures. For all 8 sources we listed the quantities
used to calculate the limits or definite values of the transverse
velocities in Table 5. Table 5 summarizes positions of components
for the 6 cm experiments. Columns 2 and 3 identifiy the two com-
ponents for which the relative position is listed in columns 4
through 9 for the various epochs. Columns 10-11 list the
apparent motion in mas/yr, while column 12 lists the apparent
velocity.

In the cases of the BL Lac objects 0212 + 73 and 2007 + 77
the observed angular motions results in an apparent velocity
greater than the speed of light if the redshifts are larger than 0.1
and 0.05, respectively. For the quasar 1150 + 81, the apparent
projected velocity at the redshift of z = 1.25 is 10c.

1928 + 73 is discussed in Eckart et al. (1985). We note that
due to the poor coverage at the first epoch for the other candidates
(0212 + 73, 1150 + 81 and 2007 + 77) the evidence for structural
changes is not as strong as it is for 1928 + 73. Observing programs
to search for structural changes in the remaining 3 cases are
underway.

4. Discussion

The expression given by Marscher (1983) for the expected Comp-
ton flux density S;c in the standard Synchrotron-Self-Compton

Source z Comp. v, S. [yl 0’ [mas] 0 [mas] B [G] v, [GHz] By
VLB [10E-5G]

0153 + 74 2.33 A 20 0.8 04...0.12 <0.25 <0.2 >5 4
BC? 1 1.2 2...7 <10 <0.06 >0.3

0212 + 73 0.12 A 15 1.9 0.06...0.20 <0.3 <0.05 >5 0.5
B <1.6 >04 >0.5 <0.8 <710E-4 >1
c® <1.6 >0.6 >0.6 <2 <12 10E-3 >0.6
DP <1.6 >0.6 >0.6 <2 <12 10E-3 >0.6

0716 + 71 0.12 ABC >22 >1 <0.1 <0.5 <9 >2 0.5

0836 + 71 2.16 AB 5 14 0.3...09 <1 <1510E-3 >2 4
C <1.6 >14 >1.2 <24 <17 10E-3 >0.9
Db <16 >1.9 >13 <10 <03 >0.3

1928 + 73 0.36 AB 20 2 0.05...0.16 <2 <280 >1 0.7
Ctol <1.6 >2.6 >1.3 <20 <6 >0.2

2007 + 77 0.1# AB 15 2 0.06...02 <2 <80 >1 0.5
C <1.6 >0.2 >0.35 <4 <2 >0.2

2 Estimated redshift

® Estimates of S taken from Fig. 2, angular diameters from Table 2, Paper II
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Table 5. Summary of relative positions of components

v/c

mas/yr

Epoch [mas]

Separation at

Secondary
comp.

Reference

comp.

Source

1980.11 1980.72 1982.95 1983.25 1983.92

1979.93

2.33
>0.1

<0.09 <12

0.10 + 0.04

103 £ 03

102 + 0.2

C2

Cl1

0153 + 74

> 1 for
<1lat
<17

14 +01

1.0+ 0.1

Cc2

C1

0212 + 73

0.1

<0.11

C2

C1

0716 + 71

1.6 + 0.3
29+04
1.76 + 0.11

13+02
30+02
1.35 4+ 0.05

2.16
1.25

0.05

<0.13
0.12 + 0.04

C2

C1

0836 + 71

10+3

C2

C1

1150 + 81

<0.5 at

<0.09

124+02

1.24+03

Cc2

C1

1803 + 78

>04

0.2
1.98 £ 0.12
3.59 +0.18
8.25 +£0.27
16.2 + 02

<

C2

C1

1928 + 73

115+ 0.10
345+ 0.16
4.87 +0.26

0.66 + 0.09
0.57 £ 0.14

C3

C1

18+5 0.36

0.60 + 0.16

c4

Cl1

9.54 +0.24
6.87 + 1.22
1.50 £ 0.2

C6,C7
C9
C2

C1

0.58 + 0.16
0.30 + 0.55

>0.05

>1 for

0.26 + 0.08

0.76 + 0.08

Cl
Cl1

2007 + 77
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model can be written as:

14z

22-a)
Se =f(a)T§""“Sv““E“(——) @

D

where S is the radio flux density in Jy, v the radio frequency in
GHz, 0 is the width (at half maximum) of the observed compact
component in mas, E the X-ray Energy in keV (we will use 1keV
as reference), and S;c the X-ray flux density in uJy, D is the
relativistic boosting factor (which we set to unity) and z the
redshift. The brightness temperature is given in units of 102K by

S
From our data the optically thin spectral index — which has to
be used here—is in the range of « —0.4, —0.7 and —1.0, for
which values of f(«) are 3.9, 1.0 and 0.31 respectively.

Table 4 in Paper II gives the brightness temperature, the result
of applying the above expression for S\, and the observed X-ray
flux density at 1keV. The uncertainty in the spectral index trans-
lates into an uncertainty of the expected inverse Compton flux
density of about a factor <100. We find an excess of expected
over observed X-ray emission for the sources 0016 + 73 and
0836 + 71. Such an excess is often used as supporting evidence
to suggest relativistic bulk motion, which for certain orientations
of the source axis would be visible as superluminal expansion.

Further, considering the brightness temperature of the various
components visible at different frequencies, we note that for
equally good baseline coverage, the brightness temperature (here
always lower limits!) is independent of frequency, in agreement
with the theoretical model of Blandford and Konigl (1979). Since
the various self-absorbed components add up to produce a flat
spectrum, we can speculate whether this property continues into
the mm-wavelength range as yet unobserved by VLBI for sources
known to have flat spectra to high frequencies. Since our selection
criterion was flat radio spectra, we can therefore speculate on
the properties of the compact components dominant in the mm
range. One source in our sample, 1803 + 78, is listed in the IRAS
point source catalogue (IRAS, 1985) and is thus known to have
a nearly flat spectrum into the far-infrared region. Assuming
therefore, that 1) the brightness temperature is independent of
frequency (i.e. for the different compact components dominant
at different frequencies), 2) that the flux density of the compact
components is not too different from the values at lower fre-
quencies, and 3) that the most compact component exists at least
at 300 GHz, we can extrapolate the expected inverse Compton
flux densities S)c to give the extrapolated inverse Compton flux
densities Si (see Table 4 in Paper II). S§ is then just Sc
multiplied by (300/v)*-”. By requiring a factor of ten discrepancy,
we now find, on these speculative grounds, suggested bulk
relativistic motion is found for all sources in the sample except
1749 + 70 and 0716 + 71. For 1749 + 70 the VLBI data are not
of the same quality as the rest of the sample, and so any conclusion
has to be looked at with caution. For 0716 + 71, as for the other
BL Lacs in the sample, we have used the conservative low redshift
of 0.05; had we used, say, the average value of the redshift for
the quasars in our sample, 1.3, all the expected inverse Compton
flux densities would be larger by a factor of 69. Hence it is rather
likely that 0716 + 71 would also have a severe discrepancy of
expected over observed X-ray emission.
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Combining these results with those of the direct observation
of superluminal motion in four sources in our sample, we con-
clude that our small, but complete sample has a high probability
of all its sources being relativistic. More VLBI epochs of the fre-
quencies already observed, higher frequency VLBI, and more sen-
sitive X-ray data are required to actively pursue these questions.

5. Conclusion

The thirteen extragalactic sources of the S5 survey with flux
densities >1Jy at 4990 MHz at the epoch of the S5 survey have
been mapped with milliarcsecond resolution at 18 and 6 cm wave-
lengths. All sources appear to display multiple components which
are dominated in flux density at 6 cm by a core component which
is self-absorbed at 18cm. The other features appear to have
optically thin spectra. Comparison of the observed to predicted
X-ray flux densities indicates that many of these sources should
display apparent superluminal motion. Indeed four sources
0212 + 73, 1150 + 81, 1928 + 73 and 2007 + 77 show changes
in their radio structure at 6 cm between mapping epochs which
can be interpreted as apparent superluminal motion.

The individual maps and extensive tabular material regarding
the 13 sources are given in Paper IL
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