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Abstract. We present multi-frequency radio data for 741 extrand to be able to draw statistically firm conclusions about the
galactic sources wita 5 GHz integrated flux density of 100 roles of the various observable source parameters. The required
mJy. These sources have been selected from a cross-correldéinye number of sources is most conveniently found from large
of an early ROSAT All-Sky Survey source list with a list ofunbiased sky surveys in different frequency bands.
compact radio sources of the 5 GHz Green Bank northern sky While several large area radio surveys with high sensi-
survey (RGB sample). The majority of sources were quasivity are available the X-ray data for AGN usually origi-
simultaneously observed with the Effelsberg 100-m telescopenate from pointed observations or from limited X-ray surveys
11 cm, 6 cm, and 2.8 cm. We have determined the spectrum, sidth low sensitivity. The ROSAT All-Sky Survey (RASS) was
and linear polarization properties of these sources. We comptire first soft X—ray survey of the whole sky using an imag-
the radio data with ROSAT measurements and optical data. g telescope (Timper 1983) with a limiting sensitivity of a
find that the X—ray selected radio sources, when compared wigv 10~'3 ergcnt2s~1. The cross-correlation of the RASS
unbiased radio source samples, are on average slightly meoarce list (Voges 1992) with existing radio source catalogues
compact, show a higher fractional polarization, a higher absgelded a comprehensive sample of radio-loud extragalactic X—
lute rotation measure (RM), and have flatter spectra. Absolugy sources with unprecedented low sensitivity limits of the
RMs are larger for steep spectrum than for flat spectrum sourcadio and X-ray catalogues.
and for extended than for compact sources. The average redshifin previous papers (Brinkmann et al. 1995 (B95),
increases with the radio flux density, which indicates that ti&¥inkmann et al. 1997b (B97)) we presented the results of
X—ray selected radio sources have a larger fraction of bean@edross—correlation of the ROSAT All-Sky Survey source list
radio emission. All source characteristics of the sample areviith a radio source list generated from the Condon et al. (1989)
accordance with present unification schemes for AGN, whés&Hz survey of the northern sky (RGB = RASS - Green Bank
X—ray selected sources are preferable looked at face on.  sources). With 2127 coincidences, the RGB is one of the largest
well-defined flux density limited surveys of AGN ever obtained.

Key words: polarization — galaxies: active — quasars: generaNete that the RGB pushes 1-2 orders of magnitude deeper in
radio continuum: general — X-rays: general both X—ray and radio flux density compared to previous unbi-
ased wide-area AGN surveys.

Only 617 of the sources had been previously optically iden-
tified as extragalactic objects (B95), usually those with higher
1. Introduction radio and X-ray flux densities.

. . . . . All sources have been studied at the VLA in snapshot mode
Radio-loud active galactic nuclei (AGN) present a small but di _aurent-Muehleisen etal. 1997, L97) to obtain arcsec positions

inctiv r f extragalacti . To understand their - : - ;
tinctive subg oup ot e tragalactic objgc'ts ou de ste} dt and 5 GHz core flux densities. With these accurate positions it
general properties and to be able to distinguish the various sub- ; , . .
. . was possible to find plausible optical counterparts for most of
classes of this population a large number of sources needﬂ_‘o
i

be studied in order to minimise the inherent selection effec se sources from digitized POSS plates (McMahon 1991). A

scussion of the broad band, radio to X-ray, bulk properties of
Send offprint requests V. Reich (wreich@mpifr-bonn.mpg.de) the unidentified objects has been given recently in B97. Itturned

* Tables 1 and 2 are only available in electronic form at th@ut that any analysis based on objects with existing classifica-
CDS via anonymous ftp to cdsarc.u-strasbg.fr (130.79.128.5) or ¥i@ns only is bound to be biased towards sources with extreme
http://cdsweb.u-strasbg.fr/Abstract.htm| properties in at least one of the observing bands, mostly high
** Present addresominion Radio Astrophysical Observatory, Naflux densities. The majority of the new RGB sources have broad-

tional Research Council of Canada, P.O. Box 248, Penticton, BC V2¥and properties between those of traditional radio-selected and
6K3, Canada
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X—ray selected AGN. There is no bimodal distribution in th2.1. Optical and X—ray data

radio-loudness distribution, and the traditional division betweqnhe optical and X—ray data listed in the tables were already

radio-loud and radio-quiet AGN might not be warranted. ] . o
Strong correlations between radio and X—ray propertigéesented and discussed in more detail in B95 and B97. New

were found for the different classes of objects (e.g. B95, B9 _t!cal |d_e nt|f|_c_at|ons have been made by L97. For prewously
. . . tically identified sources we used the data as available from

However, the radio properties had to be taken from prewou.E%D For onticallv unidentified obiects we determined plausible

published data which were obtained non-simultaneously in t ) pcaily uni m ) W ' plaust

. N . o tical counterparts, using the accurate VLA positions (L97),
different frequency bands. Keeping in mind that radio '°“?r’gm O and E POSS plates digitized with the Automatic Plate

AGN show, in general, substantial temporary variability, aLrWIeasuring (APM) machine at Y!Oresolution. Usually, there

correlation involving radio properties like radio-loudness, cote ; ) .
X : . IS @n optical object at distances less than a few arcsec from
dominance, or spectral slope must contain a certain degree, 0 .
. - he VLA position, but for a small number of sources the closest
systematic scatter. Therefore, a program was initiated to mea-

. : ) b .
e ey e o e o e OO T
AGN guasi-simultaneously. ying p prop p

H 1 H 1!
The outline of the paper is as follows. In the next sectio%nly take opjects with separations &f < 47.
I . . We obtained the X—ray fluxes from the measured count rates
we will give an overview on the contents and the properties

. oo assuming an average photon indexiof= 2.2 for the un-
of the used source catalogues, the selection criteria and furt rrI ing X-ray spectrum and Galactic absorption (Dickey &
information on the source properties. In Sect. 3 we will descri g'ying Y SP P y

. . . ockman 1990, Stark et al. 1992; for details see Brinkmann
the radio observations with the Effelsberg 100-m telescope & OZI. 1994). The stated errors merely reflect the errors in the

present the results in the form of a source catalogue includ@&Jntin statistics of the survev sources and do not INcorpo-
the ROSAT X-ray flux density and other relevant information., g y P

The X-ray and radio properties are described in Sects. 4 and®e deviations from the assumed power law slope, additional
e . . : absorption, or systematic errors depending on the form of the
Th_e stapstl_cal an alysis of the radio to X-ray properties of ﬂfgcal X—ray background and on details of the detection algo-
objects is given in Sects. 6 and 7. rithm. Therefore, a total error of the X—ray flux of the order of
< 25% must be regarded as a conservative estimate.
2. The source sample The quoted photon indices (assuming Galactic absorption)
. L . were estimated using the two hardness ratios given by the Rosat
The objlects studied in this paper were selected by a Cro8$andard Analysis System (Voges et al. 1999) by the method
correlation of a catalogue (_)f radio sources at a flux densﬁ%scribed in Brinkmann et al. (1994). The errors of the power
level above 15 mJy (for details see Neumann etal. 1994 (N9}, i gices were estimated from the errors of the hardness ratios
obtained from the Green Bank 5 GHz survey (Condon et ?échartel 1995).

1989) of the northern sky®0< 41950 < +75” and a source *  pjjar et al. (1998) have correlated 120,000 ROSAT All-
list obtained from the RASS (Voges 1992). The RASS was P&l grvey sources with 14,315 extragalactic IRAS sources

formed from August 1, 1990 to February 1, 1991 and yielded 5, t5nda coincidence for 372 sources. Just three of them

50,000 X-ray sources with a positional accuracy such that 68% included in our sample, namely 3C120, 3C273 and OJ

of the sources are found within 2@rom their corresponding 287 (RGBJ0854.8+2006), and therefore no infrared data are
optical counterparts, and a limiting sensitivity of a fé@ "> ;| 4ad in the tables.

ergcnm 2 s~ 1 inthe 0.1-2.4 keV energy band depending on the
spectral form and the amount of Galactic absorption. It should Follow-up observations with the Effelsberg 100-m
be noted that the current data originate from the first processmgtelescope
of the RASS data as our follow—up observations started already
during the final stages of the ROSAT Survey observations. Sofftee radio sources showing up in the ROSAT All-Sky Survey are
inconsistencies in the flux density determination and inaccufast a small fraction of all X—ray sources. Itis therefore of inter-
cies in the positions, which do not affect the sample statistiest to investigate their properties in more detail and to get anidea
led later to a reprocessing of the data (RASS II, Voges et alhat makes them loud both in the X—ray and the radio range.
1999) with improved quality. We have used the 100-m telescope to quasi-simultaneously mea-
We looked for correlations between the radio and the X—rayre the flux densities of selected sources at 11 cm, 6 cm and
positions with angular distances of less than’180d found a 2.8 cm. These observations result in integrated flux densities,
total of 2127 sources. For details of the source selection and tleeonvolved sizes, linear percentage polarization and polariza-
general properties of the sample see B95 and B97. To obtdn angle of these sources.
accurate source positions and core radio fluxes, all objects wereA first sample of 234 radio sources has been studied in
observed with the VLA in snap shot mode. The details and tf@low-up observations with the 100-m Effelsberg telescope
results of these observations are presented in L97. For 186btain contemporaneously measured radio spectra between
objects sub-arcsec positions and fluxes could be obtained, 236m and 2.8 cm (N94). These sources have flux densities ex-
sources were detected only at low resolution and in 72 fields c@eding 20 mJy in the 5 GHz Green Bank survey source list. An
source was found with a signal-to-noise ratio greater than 5.analysis of these data shows that the properties of this sample,
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when compared to those of radio sources without X—ray emiarization was taken to be 9.9%, 11.3% and 11.8% at the three
sion, are not much different in general. However, there mighavelengths with a common polarization angle 0f.33
be a weak excess of flat spectrum sources and a higher fractionThe method of observation was to carry out orthogonal scans
of unresolved sources. Cumulative source counts show thatitn¢éhe horizontal system centered on the source position taken
sensitivity of the RASS is rather limited. Based on these rfom the 5 GHz Green Bank Survey. The total length of the
sults we decided to observe a larger number of sources, but Isnans was &t 11 cm, 10at 6 cm and %46 at 2.8 cm wave-
ited follow-up observations with the 100-m telescope to sourcesigth, respectively. In both directions (azimuth/elevation) two
stronger than 100 mJy at 6-cm wavelength. scans were taken moving the telescope forward and backward.
Here we present the results after the completion of thesome observing periods small telescope tracking errors were
program in which most of the RGB sources with integratatbted, which resulted in a slight increase of the HPBW, when
flux densities> 100 mJy were studied at 11 cm, 6 cm andveraging the forward and backward scan. This effect was mea-
2.8 cm wavelength. The sample originally consisted of 8&ired from observations of the calibration sources and was taken
objects. We present the results for 741 sources in this papeto account in the off-line analysis. The length of the scans
103 sources from this sample have already been obserligdts a determination of an accurate integrated flux density
and analysed (N94) and are included with updated X-ray fltex Gaussian shaped sources to abdw@t@1 cm, 4at 6 cm
densities. A few sources from the sample serve as “standaadid and 2at 2.8 cm wavelength. Larger sources require two-
calibrators at the Effelsberg telescope like 3C138, 3C286 adichensional mapping, which needs more observing time than
others, which are in their majority strong 3C-sources. We hasleing cross-scans and was not possible within this observing
added flux densities for these and other steep spectrum soupregect.
from the compilation by Kihr et al. (1979, 1981) and the more  Measurements of a source started at 11 cm, where pointing
recent work by Ott et al. (1994). We took the correspondirgy position errors have the smallest effect. With the corrected
linear polarisation data from the catalogue of Tabara & Inoy®sition the 6 cm and subsequent 2.8 cm observations were
(1980). Another small subsample of 25 sources, which have@arried out. In cases where position errors exceed 10% of the
EGRET identification or are candidates to be identified witHPBW the observations were repeated. The measurement of
~-ray sources, have been monitored from 1991 until 1995/1986e source at all three frequencies takes about 20 to 30 min-
with the 100-m telescope. The results of these observatianes, which we regard as a quasi—simultaneous observation. In
have been published elsewhere (Reich et al. 1993; Re8&tme cases, where data were rejected in the reduction stage,
et al. 1998). This monitoring program was started after tmepetitions were made and combined with measurements from
RASS had been completed. Therefore we have included the previous epoch. The epoch of each individual measurement
earliest measurements from this program, which are nearissncluded in the tables.
in time to the ROSAT observation. There remain about 123 The cross—scans were analysed by fitting a Gaussian to the
sources from the sample which have either not been obseragdraged scans for each direction and peak flux densities were
because of limited observing time or the sources appear tadculated by taking residual positional errors into account. The
much extended to be reliably measured by our observatioaaturacy of the fit was never limited by noise, but occasionally
method of orthogonal cross-scans. Some sources, howeverpgraterference, baseline distortions by weather effects or con-
features of well known supernova remnants in the Galacfigsion by unrelated sources or emission in the vicinity. All these
plane or Hll-regions with bright exciting stars and are therefoedfects required some correction to the standard result. From the
excluded. Very few radio sources from the sample could not fits we also derived the deconvolved Gaussian shape size of the
detected at all. sources. We calculated the integrated flux density and the source
size in the equatorial system. As in N94 errors are classified in
the tables. Spectral indices were subsequently calculated for the
11 cm/6 cm data, 6 cm/2.8 cm data and a single power law index
was fitted to the three integrated flux densities.
We used the 11 cm, 6 cm and 2.8 cm receivers installed in the Percentage polarizations at the three wavelengths were cal-
secondary focus of the 100—m telescope to observe the selectddted using peak intensities in I, U and Q from the averaged
sources by orthogonal cross-scans. The observations were sagins of both observing directions. In addition we calculated
ried out between 1990 and 1995. Most of the early observatiahe polarization angle in the equatorial system. Some uncertain-
were published by N94, where also the telescope and theties were introduced by the residual instrumental polarization,
ceiver performance was described. In brief, the cooled receiveisich are at about 1% or below of the total intensity. For weak
installed in the secondary focus of the telescope have systsmurces having alow percentage polarization the signal-to-noise
temperatures below 60 K and the telescope has a HPBWBof 4atio in U and Q is small in particular at 11 cm wavelength and
at 11 cm, 24 at 6 cm and 2 at 2.8 cm wavelength. At all interference was often more severe than for the total intensity
wavelengths the Stokes parameters |, U and Q were measugigdaals. We therefore limited all polarization results to measure-
simultaneously. 3C286 served as the main calibration sournents where the percentage polarization is 3% or above.
with assumed flux densities of 10.4 Jy, 7.5 Jy and 4.5 Jy at
11 cm, 6 cm and 2.8 cm wavelength respectively. Its linear po-

3.1. The observations, calibration and data reduction
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Samp epageo t Table 1.

RGBJ00064+1235 234 198 153 -0.29 0.19 0.1435E-13

0003+1219 1 -0.32 0.13 0.6096E-12
0.9800 17.60 PL PL PL -0.31 0.08 2.00.4 36
Qso 8/ 1 <3 4/165 93.0293.0293.02 5.50

RGBJ0006.0+1609 495 341 248 -0.66 0.19 0.2493E-13
0003+1553 N 1 -0.40 0.13 0.7388E-11
0.4500 16.40 PL PL PL -0.50 0.08 2.40.4 9
QSO 4C+15.01 <3 <4 <3 90.7990.7990.79 3.72
RGBJ0006. 0+3820 625 679 593 0.15 0.19 0.4995E-13
0003+3804 1 -0.17 0.13 0.7540E-12
0.2290 19.40 58x 59 37x 33 PL -0.05 0.08 - - 41
QSO S40003+38 4/72 <3 <3 93.5493.5493.54 7.08
RGBJ0010.5+1058 216 254 456 0.29 0.19 0.2565E-13
0007+1041 N 1 1 1 0.73 0.13 0.1280E-10
0.0872 15.40 PL PL PL 056 0.08 1602 7
QSOMRK 1501 <9 <10 <3 90.7990.7990.79 5.75
RGBJ0010.5+4412 144 138 115 -0.08 0.26 0.1012E-13
0007+4355 1 2 2 -0.23 0.22 0.1366E-11

69x91 PL 34x34 -0.17 0.11 3.31.630

9/91 16/108 6/106 94.08 94.08 94.08 8.91
RGBJ0013.5+4051 1231 1054 952 -0.27 0.19 0.8100E-13
0010+4034 1 1 1 -0.13 0.13 0.1697E-11
0 2550 17.90 PL PL PL -0.18 0.08 2.50.9 23

<3 <3 <3923192319231 7.76

5 65 -1.03 0.19 0.8773E-14
0014+7155 N 1 1 2 -0.88 0.18 0.1210E-11
PL PL PL -094 011 - - 33
<5 <5 5 91.0791.07 91.07 1.88

RGBJ0017.7+0827 164 79 61 -1.29 0.26 0.6280E-14

0015+0811 1 2 3 -0.32 0.29 0.9027E-12
119X 69 65x 27 63x26 -0.70 0.15 1.80.932
- - 93.5493.5493.54 5.01

-0.14 0.19 0.3873E-13
0017+2545 1 1 1 -0.28 0.13 0.4259E-11
0.2840 15.40 PL PL PL -0.23 0.08 2.70.313
QSO 4C+25.01 <3 <3 <3 924992499249 3.72

RGBJ0020.3+5918 214 174 - -0.37 0.31 0.1252E-13
0017+5900 2 2 - - 0.1994E- 11
-.0011 11.80 174x102 106)(128 - - - 322032
G UGCO00192 5/115 <3 - 94999499 - 5495
RGBJ0022.1+4525 423 340 273 -0.39 0.19 0.2518E-13
0019+4508 1 1 l -0. 28 O 13 0. 5887E 12
90x100 PL

-0.3
3/25 <3 3/77 936493649364 832

RGBJ0035.9+1553 267 161 80 -0.89 0.19 0.1062E-13

0033+1537 1 l l 0 88 0.13 0.5429E-12
1.1600 18.00 -0.88 0.08 1.80.839
QSO < 3 9/ 25 15/ 32 93 0293.0293.02 4.07

RGBJ0036.1+1838 1076 572 246 -1.11 0.19 0.3710E-13
0033+1821 1 1 1 -1.06 0.13 0.5640E-12
1.469020.00 53x72 PL 23x22 -1.08 0.08 1.70.838
QSO 3C014 4/84 4/77 8/75 92.4992.4992.49 4.07

3.2. The tabulated results

and polarization data are from Tabara & Inoue (1980). The error
class for the 11 cm, 6 cm and 2.8 cm integrated flux densities
are the next three entries. The error classes are defined by 1
= < 9%error,2= < 14% error, 3= < 23% error and 4

= > 23% error. The spectral index 6 cm/2.8 cm and its error
comes next. The final entry is the X—ray energy integrated flux
density (erg cm? s ') in the 0.1 - 2.4 keV energy range.

Row 3 gives the measured redshift z followed by the optical
magnitude (V in most cases), the deconvolved source sizes along
right ascension and declination at 11 cm, 6 cm and 2.8 cm, re-
spectively. PL denotes “pointlike” sources having deconvolved
sizes of up to 56, 407, 16" in one or both coordinates at 11 cm,

6 cm and 2.8 cm, respectively. It follows the spectral index re-

sulting from a fit of the spectrum between 11 cm and 2.8 cm

wavelength and its error. The last three entries are the X—ray
power law photon index, its error and the percentage error of
the X—ray flux density.

Row 4 gives an optical identification or a common source
name taken from B95 if available. G stands for galaxy, QSO for
a quasar, BLL for a BL Lac type object and GCL for a galaxy
cluster. The following three or six entries are the percentage
polarization and the polarization angle for 11 cm, 6 cm and
2.8 cm. For the measurements taken from N94 only percentage
polarizations are given. For percentage polarizations of less than
3% no polarization angle is given. The epoch of observation at
the three wavelengths follows next and the final entry is the
column density of neutral hydrogé¥y in units of10%* cm~2.

Table 2 lists 57 additional observations from 48 sources,
which were observed more than once. These data are indicative
for possible variability. The observations listed in Table 2 always
have later epochs than those given in Table 1. The layout of
Table 2 and Table 1 is identical.

3.3. Source statistics and optical identification

For the 741 X-ray selected sources in Table 1 we list data for
697 sources at 11 cm, for 729 sources at 6 cm and 698 sources
at 2.8 cm. Optical data are available for 468 sources or 63% of
the sample. Due to the 100 mJy flux density limit at 6 cm the

In Table 1 we list the results of the radio observations togetHggction of identified sources in the sample is two times larger
with the ROSAT X—ray data and optical identification as far 4§an that for the entire sample of 2127 sources (B95). From
available. We only present a sample page of the table here; a @ 468 optically identified sources 274 are quasars, 56 are BL
copy of the tables is available from the CDS via anonymous f#ics, 116 are galaxies and 22 are clusters of galaxies. Redshifts
to cdsarc.u-strasbg.fr. The VLA data of the souces are giverdte known for 405 sources and Fig. 1 shows their distribution.

L97; all other available X-ray data are from B95 and B97.

About 50% of the sources have redshifts belo= 0.5, while

Row 1 gives the Green-Bank identification and position ¢r 25 sources z is larger than 2.
the radio source for epoch 2000, followed by 11 cm, 6 cm and

2.8 cm integrated flux densities (mJy/beam area). The specH
indexa defined by S- v forthe 11 cm and 6 cm flux densities

.a‘ll'he X-ray properties of the sample

and its error. The last entry is the radio frequency integrated flgig. 2 shows cumulative source counts of the X—ray sources.
density (erg cm? s~! for the frequency band from 2.695 GHZThe slope of about -1 for flux densities exceeding about

to 10.45 GHz).

510713 [erg cm~2 s~ 1] is unexpectedly flat and deviates greatly

Row 2 gives the position for epoch 1950. A letter N referfsom the expected slope of -1.5 for a uniform source density
to N94, where the radio measurements originate, but the X—maighout source evolution effects. This indicates strong selection
flux densities are revised. K and O indicate that flux densitieffects. The sensitivity of the ROSAT survey varies according
are taken from Kihr et al. (1979, 1981) or from Ott et al. (1994}o the HI—column density as shown in Fig. 3, where detected X—
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Fig. 1. Redshift distribution for 405 out of 741 sources of the samplé=ig. 2. Cumulative counts for 741 X-ray sources.

Table 3.Fitted mean HI column density and mean X—ray spectralindex 5 LT ' ' '
T" from N sources versus Galactic latitude b.
4
b N HI N r
o [1021cm72] >
0-15 97 26.85 53 311 g3
15-30 163 7.66 122 2.54 2
30-45 208 3.99 150 2.22 2
4560 132 2.56 113 2.09 g2
60-75 92 1.84 75 1.92 x
75-90 47 1.54 39 190
1
ray flux densities versus Hl—column density are plotted. A clear %
and expected selection effect is apparent in the sense that weaR 0 5 10 15 20

X-ray sources are only detected when the Hl—column density is HI column density

sufficiently low. Since the HI-column density is highest close to

the Galactic plane only strong sources are detected in that dra3; H! column density [0*"em™?] versus X-ray flux density 5

(Table 3). In addition, the exposure of the survey varies andlfd ~ ergcm™ s~ |-

largest at the ecliptical poles, where the Hl—column density is

small. These effects lead to a slightly inhomogeneous sampieslightly dependent on the Galactic latitude b, which in turn

Fig. 4 shows the average redshift z versus binned X-ray fldgpends on the Hi—column density (Table 3). This effect was

densities. The expected distribution for an unbiased uniforiready discussed by B97, where it has been concluded that

source sample is seen, where weaker sources are more digtagéneral lower count rates towards the Galactic plane by in-

on average than stronger ones. creasing Hi—-absorption favour the detection of steep spectrum
The tables include the X—ray spectral indices, which are tBeurces.

power law slopes assuming Galactic absorption as described

by B95 and B97. In Fig.5 we show the distribution for 54

sources with spectral indices of up to 5 in the same way as B

where a detailed discussion of spectral properties and distrilbig. 6 shows the cumulative source counts at 11 cm, 6 cm and

tion for various classes of objects has been given. 6 sour@8cm, respectively. Anincreasing flattening from the expected

of our sample have spectral indices exceeding 5. Fig. 5 shosigpe of -1.5 for a uniform source distribution is seen for flux

that the maximum number of sources is counted for the speensities below about 1 Jy. This result was already noted for

tral range between 2.0 to 2.4. There is a slight excess of stélep radio samples discussed by N94 and B95 and indicates a

spectrum sources, as noted by B97 before, which is predosgiection effect of the radio source sample due to the limited

nantly associated with unidentified sources. The spectral indeasitivity of the ROSAT survey.

§7 The radio properties of the sample
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Fig. 5. Distribution of X—ray spectral indices.
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Fig. 6. Cumulative source counts at 11 cm, 6 cm and 2.8 cm wave-
length.

As already noted by N94 the X-ray selected radio sources
are more compact than those from an unbiased sample. N94
find 81%, 76% and 69% of sources unresolved at 11 cm, 6 cm
and 2.8 cm, respectively. The present sample, which is about
three times larger and includes the N94 sources gives 66%, 71%
and 67%, respectively, for the three wavelengths. An unbiased
source sample taken from the Condon et al. 6 cm survey shows
just 52% sources to be unresolved. The beam size of this 6 cm
survey is close to that of our 11 cm beam. We consider the higher
fraction of compact radio sources in the X—ray selected sample
as significant.

Table 4 shows the mean redshift versus flux density at 11 cm,
6 cm and 2.8 cm. Comparing Table 4 with Fig. 4, where the X—
ray flux density versus mean z is shown, a significant difference
is noted. For stronger radio sources the average redshift z in-
creases. Such a behaviour is expected when more and more
weaker sources are included in an unbiased sample. This result
indicates that the X—ray selected radio sources contain more lu-
minous radio sources or sources where directed emission con-
tributes more to the total flux density than for an unbiased radio

Table 4. Mean z versus radio flux density at 11 cm, 6 cm and 2.8 cgymple.
for 100 mJy bins below a flux density of 500 mJy and 500 mJy bins - £ig 7 shows the three radio spectral index distributions as

above. N is the number of sources per bin.

S[mdy] N(11) z(11) N@®B) z(6) N(2.8) 2z(2.8)

150 36 0.32 68 0.48 81 0.54
250 48 0.45 60 0.55 55 0.66
350 40 0.73 45  0.55 32 0.65
450 38 0.59 26 0.70 30 0.67
750 101 0.76 93 0381 65 0.84
1250 49 0.83 40 0.87 25 111
1750 26 0.81 16  0.95 23 0.98

listed in Tables 1 and 2. In N94 we have compared the spectral
index distribution 11 cm/6 cm with the distribution derived from
two radio surveys at 11 cm (Loiseau et al. 1988) and at 6 cm
(Condon et al. 1989) and found about 9% more sources with
spectral indicesr > —0.6. Fig. 8 shows the distribution for the
present sample, which corresponds to Fig. 2 in N94. The same
excess of about 9% of flat spectrum sources is noted, if compared
with the unbiased radio sample. However, the present sample
consists of stronger sources than the N94 and the Loiseau et al.
sample. In addition, as we have listed in Table 5, there is a clear
dependence of the average spectral index on the flux density in
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Table 5. Dependence of spectral index on 6 cm flux density.
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Number of Sources
[*2]
o
T

0 "““i’"I:'E’: I

-2 -1.5 -1 -0.5 0 0.5
Radio spectral index alpha

S 6cm N « N « N «

Jy) 11-6-2.8cm 11-6cm 6-2.8cm
<05 430 -0.44 499  -0.49 499 -0.39
0.5-1 122 -0.27 129 -0.24 129 -0.29
>1 91 -0.23 98 -0.24 99 -0.21

Table 6. Mean z and its dispersiot(z) versus binned radio spectral
indicesa(11-6-2.8 cm). N is the number of sources per bin.

Q@ N z o(2)

-1.5--09 55 043 0.06
-09--03 168 055 0.05
-0.3-0.3 120 0.88 0.06
0.3-0.9 20 0.84 0.20
09-15 5 1.04 0.28

Table 7.Mean absolute spectral differences fibr sources with spec-

Fig.7. Distribution of radio spectral indices for the long and shofy| indices in the NED data base and the Effelsberg spectral indices
wavelengths and the spectral fit from the data of all three wavelengtfisys s the binned Effelsberg spectral indiceN is the number of

18

16

=
N

Fraction of sources [%)]

ﬁSAT Sample

-15 -1 -0.5 0
Radio spectral index

0.5 1

sources and («) the dispersion of d.

e N da o(a)

-1.2--09 17 0.14 0.03
-09--06 36 0.10 0.01
-06--03 27 0.19 0.02
-0.3-0.0 34 0.24 0.03
0.0-0.3 25 022 0.04
0.3-0.6 10 054 0.11

The difference for all sources with spectral indices above and
belowa =-0.3isAz =0.36.

We have compared our spectral indices with those listed
in the NED database and show the result of this comparison
in Table 7. On average our simultaneous observations result in
spectral indices which deviate from the NED data by about 0.1
to 0.2, except for sources with an inverted spectrum. Here the
mean difference increases significantly to abut = 0.5 for
sources witlv > +0.3. Variability of an active core is the most

Fig. 8. Fractional distribution of radio spectral indices of the ROSATikely reason for this result, which is quite often accompanied
selected sources and the Loiseau et al. / Condon sample. Both diftyispectral changes. However, spectra of variable sources calcu-

butions are for spectral indices from 11 cm to 6 cm wavelength.

lated from non—contemporary data might also be present in the
NED database and result in large differences. Depending on the
time scale of variability spectra from non—contemporary data

are mostly meaningless. Radio flares often evolve by showing

the sense that stronger sources show flatter spectra. This ragulfiirst at high frequencies and inverted spectra are seen. Later
is in accordance with the increase of the mean redshift with flthe source becomes optically thin at longer wavelength as well
density (Table 4), which can be understood as the result oad the spectrum steepens. The frequency of occurence of radio
contribution from beamed radio emission emerging from thkares is known to differ largely for AGN. It must be noted at
core. This emission is known to show flatter spectral indicestffis point that the observed X—ray flux densities are not contem-
compared to the total emission of extragalactic sources. We haeearily measured with our radio data and therefore any related
also checked our spectral index distribution for a dependenaeiability is lost.

on the redshift as listed in Table 6. Sources with steep spectraTable 8 lists the distribution of the percentage polarization
have a smaller redshift than flat or inverted spectrum sourcasthe three wavelengths. As stated in Sect. 3.1 we only give the
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Table 8. Distribution of percentage linear polarization PC at 11 cm, ' ' '
6 cm and 2.8 cm wavelength. 11cm PC
7 - .
PC N(1lcm) N(6cm) N(2.8cm)
3 44 77 85 _
4 55 67 69 (é 2.8cm PC
5 44 56 55 Ery 1
6 32 55 34 g 6cm PC
7 22 28 20 <
8 22 19 24 s
9 21 15 14 g
10 9 7 12 gor l
11 3 8 11 &
12 2 3 3
13 3 4 5
14 3 4 2 4+ e
>15 3 2 6
15 0.9 03 0.3 0.9

. . . Spectral index 11cm-6cm-2.8cm
results for sources with the percentage polarizatiBao, where

any disturbing instrumental influence can be ignored. Omittifg. 9-Dependence of the percentage linear polarization at 11 cm, 6 cm
sources with no or disturbed polarization data we count 5#8d 2.8 cm wavelength versus binned radio spectral indices.

sources at 11 cm of which 263 are polarized. From 684 sources

at 6 cm 345 are polarized and at 2.8 cm we list 340 out of

674 sources. This corresponds to a fraction of 45% at 11 ceelected sample. It was already noted that for this sample the
50% at 6 cm and 2.8 cm of sources with more than 3% polatrong radio sources have on average higher z values than the
ization. There is no significant difference in the distribution ofeak sources. The distribution of percentage polarization for
percentage polarization with wavelength (Table 8). If interngburces above and bal = 0.5 is very similar. This means
source depolarization is important one would expect more phat the redshifted sources are on average not higher polarized
larized sources and a higher degree of polarization for the higifan the local ones in accordance with the general distribution
frequency data. of polarization for our sample (Table 8).

As stated in N94 it is difficult to find unbiased source sam-
ples for comparison. The two samples at 10 GHz by Okuda’g
et al. (1993) for flat spectrum sources show 30% and that o
Simard-Normandin et al. (1982) for known polarized sourc&¥e have calculated rotation measures (RMs) from the measured
43% of sources with linear polarization exceeding 3%. It seempslarization angles,, with ¢y = RM \? + ¢,, where¢ is
that the X—ray selected radio source sample is slightly higher ppeasured in radiar, in m and RM in radian/m. We will use
larized than otherwise selected source samples, an effect whiaka from 291 sources in the further analysis. It is well known
has to be quantified more precisely. that at least three frequencies are required to determine a RM

A dependence of the percentage polarization on the specfraé from ambiguity (+/4r). However, we have also added RMs
index is obvious from Fig. 9. Higher percentage polarizatiaterived from polarization data available at just two frequencies.
on average is noted for steep spectrum sources. We findlnthe case of combining 11 cm/6 cm data and 6 cm/2.8 cm data
significant dependence of the percentage polarization for anytted ambiguity is 813ad m~2 or 988rad m~2, respectively.
the three wavelengths on the redshift. In most cases these large ambiguities are beyond the expected

A sample of 154 extragalactic sources, which were previalues of RM. A smaller ambiguity of 262.d m~2 exists,
ously known to be polarized, have been observed by Zukowskien combining 11 cm/2.8 cm data, which makes a correct
et al. (1999) at 6 cm wavelength with the 100-m telescop@M—value more uncertain. However, this case holds just for a
Zukowski et al. find about 71 sources or 46% to be polarized bgnall group of polarized sources. For the subsequent analysis
more than 3%. This fraction is similar to our fraction of 50% powe use absolute values of RM.
larized sources. However, a significant difference between the Fig. 10 shows the distribution of RM versus Galactic lati-
source samples is noted when comparing the number of potade and for comparison the RM distribution from the Simard-
ized sources for z 0.5 with those for z> 0.5. The Zukowskiet Normandin et al. (1981) sample (SKB—sample) of 555 sources.
al. sample results in 30/19 sources, while our sample of X—réliese RMs were calculated based on various polarization sur-
selected radio sources has 94/99 sources for z below and abmyes of extragalactic sources. Both distributions quite clearly
0.5. The sample of Zukowski et al. largely consists of sourceBow an excess of RMs close to the Galactic plane. This in-
from the 3C or 4C—catalogues, which are less distant and havease is certainly caused by the magneto—ionic medium of the
in general higher flux densities than the sources of the X—r@alactic disk. Apart from this effect there is a systematic ex-

. Rotation measures
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Table 9. Mean absolute rotation measure RM versus radio spectral
index.

« N RM
11-6-2.8cm [racn 2]
-14--1.0 20 101
-1.0--0.6 66 94
-0.6--0.2 45 98
-0.2-0.2 34 63
0.2-0.6 11 43

10rad m~2 for both data sets, the X—ray selected sample always
has slightly higher z values of about 0.09 for all RM-intervals.
Comparing RM and redshift one has to take into account
where the RM originates. Certainly there are Galactic contri-
butions and in addition contributions from intervening halos of
galaxies or galaxy cluster. For the case that the RM entirely orig-
inates at the source it needs to be scaledlby z)?, resulting
from the A2 dependence of RM and the redshifted observing

Fig. 11.Mean redshift z of all sources with rotation measures RM [rattavelength. An average increase of the redshift from about 0.6

m™ 2] up to the maximum value.

for the SKB—sample to aboa = 0.7 for our sample means an
increase of RM by up to 1.13, but a factor of 1.9 is observed.
Because of RMv B n. [ thisis an indication that an additional
or stronger magnetic field compondsit in the line of sight

cess for all Galactic latitudes of the average RM for the X—raxists or, as an alternative, an enhanced electron density
selected radio sources, if compared to the SKB—sample of pausing the systematic increase of RM in the X—ray selected
larized radio sources. Excluding the sources below a Galactample.
latitude of 15°, where the X—ray sample is rather incomplete Welter et al. (1994) have investigated the RM dependence
and the number of sources is small, we find an excess of @4z for a quasar sample to check the intrinsic origin of the
rad m~2. The average for all sources is 49d m—2 for the RM. Their data show for redshift corrected RMs a factor of 4
SKB—sample and 98d m~2 for the X—ray selected sample. between the RMs for sources Wit =2 and z 9.5. We calculate

Fig. 11 shows the average redshift versus cumulative RMout the same factor for the quasars in our sample, although
for both samples. While the average z decreases for RMs belbw number of quasars with RM exceeglin=1.75 is just 8.
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Table 10.Average absolute rotation measure RM for unresolved (PL)
and extended (EX) sources at the three observing wavelengths.

2 N(PL) RM(PL) N(EX) RM(EX) (Fig. 7) due to the higher radio flux densities studied here. The
(cm) rad m~?) (rad m~?) difference in the distributions of steep and flat spectrum radio
11 157 88 105 111 sources is about the same as for the N94 sample. If we com-
6 179 86 96 118 pare the ratios of X—ray to radio flux densities for flat spectrum

2.8 158 93 108 104 sources and those for the 24 flat spectrum identified or candi-

date EGRET sources (in total these are 25 sources) as shown
normalized in Fig. 14, we see a further trend towards smaller
Fig. 12 shows the distribution of RM versus the radio speratios for they—ray sources. No—ray source is seen in the
tral index a. It is quite obvious that only a few sources witHog S(X-ray)/S(radio) interval between 2.0 and 2.8. However,
flat or inverted spectra have large RMs. In Table 9 we list tlieo sources are exceptional in this small sub-sample, which
binned distribution with a clear decrease of RM with increasirghow additional TeV—emission, namely MKN 421 (Punch et al.
spectral index. It should be noted that 131 sources have spE292) and MKN 501 (Quinn et al. 1996; Atkins et al. 1999).
tral indicesae < — 0.2, while 45 sources have larger spectralhey have unusual high flux density ratios of 2.85 and 3.86.
indices. Despite the different number of sources we think tAdis is in accordance with the BL Lac characteristics of these
result is significant. objects with very small viewing angles and a synchrotron spec-
We have also looked at a possible dependence of the Rildll energy distribution peaking in the soft to medium X-ray
versus the mean diameter of the source. Table 10 lists thenaige. The TeV ang-ray emission is likely inverse Compton
sult. The data indicate a slightly larger RM of about 10 - 38cattered emission from the synchrotron emitting electrons.
rad m~2 for the resolved sources (EX in Table 10) compared The present sample contains 320 sources with a radio spec-
to unresolved (PL) sources. tralindexa > -0.3 compared to 40 sources as observed by N94.
When relating the frequency-integrated radio versus X—ray flux
densities N94 noted an apparent clustering of the source distri-
bution into two subgroups (N94, Fig. 8). This effect, however,
6.1. Flux densities is smoothed out in the present much larger source sample as

shown in Fig. 15. The distribution for the steep spectrum and

The distribution of frequency-integrated radio and X—ray flug, o spectrum sources for the present larger sample is similar

densities for our sample of 741 sources is rather similar to tq Lhat of N94 (Figs. 9 and 10), although the scatter is larger

of N94, where .21.1 sources are shown, although the weak ra Bv. We conclude, that there are no apparent indications for a
sources are missing in the present sample.

; . . .. relation between the radio and X-ray flux densities.
Fig. 13 shows the ratio of the X—ray to radio flux densities. y

The mean ratio of the total sample is smaller, if compared to N94

6. Correlation of the radio and X—ray data
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6.2. Spectral indices

We have looked for a dependence of the radio spectral indi¢e

schemes, where an increasing fraction of beamed X-ray emis-
sion is expected for radio sources with a dominating beamed
component. The same effect of spectral hardening, however, is
also seen for very steep spectrum radio sources, which in their
majority are identified with radio galaxies. Galaxies as a group

are known to have harder X-—ray spectra than quasars and BL
Lac objects (B97, Siebert et al. 1998).

The average radio spectral index does not vary significantly
for the 486 X—ray spectral indices ranging up to 4.5. For X—ray
spectral bins of 1 the radio spectral index varies between -0.33
and -0.47. The 5 sources with X-ray spectral indices between
4.5 and 5.5, however, have=-0.75.

For 229 sources with X-ray spectral indices we have calcu-
lated RMs. About 166 of those sources have RM00rad m 2
with an average X-ray spectral index of 2.24. The 63 sources
with RM > 100rad m~2 have an index of 2.62 on average.
As shown above both parameters depend on Galactic latitude
or Hl—column density and this is reflected in the increase of the
X—ray spectral index with RM.

The dependence of the X—ray spectral index on redshift was
already discussed by Siebert et al. (1998). A hardening with z
is expected because flat spectrum emission at high energies is
shifted into the ROSAT band. In addition, the soft steep spectrum
sources are shifted to low frequencies outside of the observ-
3 band. The observed mean X-ray spectral index distribution

with the X—ray spectral indices. Fig. 16 displays the result fop, o s vedshift is shown for 304 sources in Fig. 17. A spectral

487 sources. A variation of the X-ray spectral index betwe
2.25 and 2.35 for radio spectral indices between -1 and 0.54
seen, while the sources with steeper or flatter radio spectra b,
have X-ray spectral indices below 2.2. Siebert et al. (19

found for a sample of flat spectrum Parkes radio sources wgh
a > —0.5 a systematic hardening of the X-ray spectral ind

f8ttening with increasing redshift is seen. This dependence is

® same as found by Brinkmann et al. (1997a) and Siebert et al.
@98) for quasar samples. For 25 sources withZthe spec-

( gl index is close to 1.85. The 168 sources with redshifts below

= 0.5, however, have a flatter spectrum than the 76 sources

&iith z = 0.5 to z = 1. At lowredshifts the fraction of galaxies

with increasing radio spectral index, while Fig. 16 indicatesjuﬂcreases’ which have on average flatter spectra than quasars.

a hardening for inverted radio spectra with> 0.5. Siebert

et al. (1998) explain this effect as a consequence of unification
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7. Luminosities . L .
tion and implications was already given by B95 and our sample

For sources with measured redshifts we have calculated thed§es not alter any conclusion derived in this investigation.
corrected luminosities assuming a Friedman cosmology with We do not find any dependence of the percentage polariza-
Hy =50km s~ Mpc™, ¢o = 0.5 and isotropic emission. We tion on the X—ray or radio luminosity. This is not unexpected and
show the resulting distributions in Fig. 18 and Fig. 19 for radi accordance with the missing dependence of the percentage
and X-ray luminosities, respectively. Mostly galaxies are seerpallarization on redshift as it was already shown in Sect. 5.
lower luminosities. The properties of optically identified sources

in our sample are very similar to those discussed in B95 (th%irC
Fig. 10a and Fig. 10b). The distance independant luminosity ra-
tios shown in Fig. 20 and Fig. 21 for different classes of sourcé&e have presented the radio properties of a large sample of
corresponding to Fig. 10c of B95 are very similar too, althougit1 radio-loud X—ray sources from the ROSAT Survey, which
the present sample omits the weaker radio sources compareakoin their vast majority AGN. This sub-sample of radio iden-
the B95 sample. A discussion of the luminosities, their correlafcations consists of sources stronger than about 100 mJy at

onclusion
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