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Chapter 4

Cross-Matching Multiple Radio
Catalogues

Abstract

The calibration of LOFAR relies on flux measurements of strong radio
sources with accurate positions and well-known spectra, i.e., the calibrator
sources. Since the source properties are not well determined in the relatively
unexplored frequency range of LOFAR (30-240 MHz), we have to interpolate
and/or extrapolate the existing spectra of calibrator sources to the LOFAR
frequencies. Therefore, we quantitatively cross-correlate sources from mul-
tiple catalogues to collect the spectral information in calibrator source lists.

The aim is to construct high-quality source lists with spectral information
at three frequencies, 74, 325 and 1400 MHz, of which the lowest frequency
falls in the LOFAR Low Band.

We quantify the likelihood of true and false associations between cat-
alogues, and develop a criterion for accepting associations; we apply this
method to cross-identify sources in the VLSS, WENSS, and NVSS cata-
logues.

We present a high-quality source list of nearly 2800 VLSS sources in the
declination strip of 44° < § < 64°, that are brighter than 1Jy (100.s) at
74 MHz and have unique counterparts in the WENSS and NVSS catalogues
at 325 and 1400 MHz, respectively. Nearly 90% of the sources show a spec-
trum that turns over towards lower frequencies, and 27 sources display a
peaked spectrum.

The association method can also be used in the search for transient
sources, when source detections in repeated scans of the same areas of sky
need to be compared with potential counterparts that are catalogued as pre-
viously detected; here also, a strict and quantitative criterion must be used
to decide whether to accept that a new measurement is of the same source
as previous ones.
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4. Cross-Matching Multiple Radio Catalogues

4.1 Introduction

Finding which source in one catalogue is genuinely associated to which
source in another catalogue is a classical problem in astronomy. Conven-
tional procedures involve the angular distance between sources as a qual-
ification for the association. Prior knowledge about the astrometry and
resolution of the catalogues then determines an applicable threshold to be
set. However, the flexibility of LOFAR allows many possible configurations
of observational modes, resulting in a wide range of sensitivities and reso-
lutions (e.g., De Vos et al., 2009; Nijboer & Pandey-Pommier, 2009). The
large number of measurements of sources expected to be detected by LOFAR
(see Chapter 2) will consequently produce large catalogues. Cross-matching
sources between the LOFAR catalogue and other catalogues, will find either
no, one or more possible counterparts. This asks for association procedures
that are quantitative and by which reliable decisions can be made to accept
or reject an association.

One part in the calibration process of LOFAR depends on flux measure-
ments of strong radio sources, of which the positions and fluxes at given
frequencies need to be known accurately beforehand. The large fields of
view of LOFAR require many such calibrator sources. However, the low-
frequency domain of LOFAR is relatively unexplored, so that the spectral
behaviour of radio sources is not well covered. Therefore, we start by build-
ing an initial list of calibrator sources by quantitatively cross-correlating
existing major catalogues. Sources with matching positions that are clas-
sified as a genuine association are added to this list. Calibrator fluxes at
any LOFAR frequency are then given by the interpolations and/or extrap-
olations from this list. The list is, however, not static, but will evolve over
time as new measurements made by LOFAR are added, resulting in more
(calibrator) sources and a denser sky and frequency coverage. This list of
sources represents the so-called Global Sky Model (GSM).

Similar source lists need to be created for the Transients Key Project.
Since the lists will contain all sources detected by LOFAR, it is more ap-
propriate to term them "LOFAR catalogue”. The Transients Key Project
searches for new sources to appear or known sources to change in the LOFAR
sky. One way of doing that is by comparing new measurements of sources
with the archived measurements in the LOFAR catalogue. This again re-
quires source associations with quantifiable fidelity. Because of the large
data volumes and high cadence of LOFAR measurements (see Chapter 2),
we embedded the association procedures in the automated software pipeline
of the TKP (e.g., Chapter 3 of this thesis; Swinbank et al., 2007; Swinbank,
2010).

Several methods exist that produce source lists by cross-identifying dif-
ferent catalogues, e.g., cross-identifications of radio sources with radio and
optical catalogues (Helmboldt et al., 2008; Kimball & Ivezié, 2008), and
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4.1 Introduction

VLSS WENSS NVSS
main polar

Sky Coverage 0>-—30°|28°<H<T6° H=72°| &> —40°
Frequency [MHz] 73.8 325 352 1400
# Sources 68,311 211,225 18,185 | 1,773,484
Resolution 80" 54" x 54" csc & 45"
Sensitivity [mJy] 100 3.6 0.45
Astrometry [arcsec] 3" —10" 1.5" — 5" 1”7 =17"
Source Density [deg™?2] 2 22 55

Table 4.1: Characteristics of the major radio catalogues, VLSS, WENSS and
NVSS.

of X-ray sources with optical and near-infrared catalogues (Pierre et al.,
2007; Rutledge et al., 2000; Haakonsen & Rutledge, 2009). We adopt the
quantitative cross-identification analysis of Rutledge et al. (2000) to produce
high-quality source lists.

To have source lists with overlap with the LOFAR frequencies, we used
the sources that were detected in three major radio surveys', at 74 MHz the
VLA Low-Frequency Sky Survey (VLSS), at 325 or 352 MHz the Westerbork
Northern Sky Survey (WENSS) and at 1.4 GHz the NRAO VLA Sky Survey
(NVSS). Table 4.1 shows the main characteristics of the radio catalogues
used in our samples.

The VLSS (Cohen et al., 2007) surveyed the sky north of 6 = —30° at
73.8 MHz. The resolution is 80” and the limiting point source flux density is
0.7 Jy, with typical rms noise levels at about 0.1 Jy. Positional uncertainties
are of the order of 3" —10”. The latest version (2007-06-26) contains 68,311
sources.

The WENSS catalogue (Rengelink et al., 1997) contains 229,420 sources
of which 18,186 are from the polar catalogue (6 > 72°) at 352 MHz and the
rest from the main catalogue (28° < § < 76°) at 325 MHz. Ten sources in
the catalogue are without flux values and they were not taken into account.
The resolution of the survey is 54” x 54" csc §, and for both parts the limiting
flux density is 18 mJy (50). The positional accuracy depends on the ratio
of flux density and local rms and is about 5.5” for the faint and 1.5” for the
stronger sources. The positional uncertainties of the sources were calculated
using Eq. 8 in Rengelink et al. (1997).

The NVSS catalogue (Condon et al., 1998) covers the sky north of decli-
nation —40° at 1.4 GHz. It contains 1,773,484 sources with a limiting flux

1We extracted the catalogues from the VizieR Astronomical Server at http://cdsarc.u-
strasbg.fr/viz-bin/VizieR and loaded them into the database that is implemented in the
Transients Key Project software pipeline. The source code of the latter is stored in the
password-protected svn repository, available at http://svn.transientskp.org/code.
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4. Cross-Matching Multiple Radio Catalogues

density of about 2.5mJy (50). The resolution is 45” and rms positional
uncertainties vary from less than 1” for sources stronger than 15 mJy to 7"
for the faintest ones.

The organisation of this Chapter is as follows. Section 4.2 describes the
three association parameters, which are the properties of every source asso-
ciation pair. In Section 4.3 we apply the method of Rutledge et al. (2000)
to cross-correlate the WENSS and NVSS catalogues, resulting in a high-
quality list of reliable WENSS-NVSS associations. In Section 4.4 we include
the VLSS catalogue as well, to construct a high-quality source list of nearly
2,800 sources with flux measurements at 74, 352 and 1400 MHz. We discuss
the results in the last section.

4.2 Association Parameters

We repeat the three parameters that are defined for every source association
pair (see Chapter 3): The first parameter is the angular distance between
the two sources

6 =2 arcsin(% NI (Az)2> , (4.1)

where Az, Ay, Az are the Cartesian coordinate differences (on a unit sphere)
of the sources. The second parameter is the weighted dimensionless distance

Ax)? Ad)2
'r:\/( CU (4.2)

2
OAa OAs

with Aa = o cos §; — a;j cos d; the measured right ascension difference cor-
rected for declination, and Ad the measured declination difference. Both
are weighted by their positional errors summed in quadrature. A third pa-
rameter is based on the ratio of the probability of finding a true association
at r and an association by chance due to a background source that happens
to be at r from the source. This is the likelihood ratio

IR exp(—r2/2) 7
27 oaq oASNL(V; Stim)

(4.3)

where ny, is the local source density, as function of frequency and flux. Be-
cause we only associate sources by positional matches, we consider it as
constant here and adopt the average NVSS source density. A more conve-
nient way of expressing the likelihood is in logarithmic form: A =log LR.
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4.3 Reliability of WENSS-NVSS Associations

4.3 Reliability of WENSS—NVSS Associations

4.3.1 Source Selection Criteria

From the WENSS catalogue we selected only point sources that were classi-
fied as type ’S’ sources (meaning they could be fitted with a single Gaussian
component; Rengelink et al., 1997), and were not flagged as having caused
fitting problems. A further selection was set by the declination. We included
sources falling in the declination strip of 44° < § < 64°, as they are all from
the main catalogue part of the WENSS catalogue at the single frequency of
325 MHz (see Table 4.1). This sky coverage is identical to the Zenith Mon-
itor mode of LOFAR (see Chapter 2). We join this set of WENSS sources
with the NVSS catalogue to search for cross-identifications.

We adopt the quantitative cross-identification method of Rutledge et al.
(2000) and apply it as follows. We define a Source Field of radius 90”
around every WENSS source. For every WENSS source, we consider all
NVSS sources falling within an angular distance of 90" as an association
candidate and we calculate its likelihood ratio, A. These candidates, in a
Source Field, include true and false associations. At the same time, we
positionally offset every WENSS source to eight locations, surrounding the
original WENSS source to mimic the local source density. We define eight
Background Fields centred at the offset locations, all with identical radii
as the Source Field. The non-overlapping Background Fields surround the
Source Field on a rectangular 3 x 3 grid with spacings of 180" to the neigh-
bouring Fields. A copy of the WENSS source is then placed at the centre
of every Background Field. We exclude Background Fields that themselves
contain a WENSS source, since we assume that Background Fields do not
contain an NVSS source that could be associated with a WENSS source.
These offset sources in the Background Fields were then processed analo-

Nassoc  Source Field BG Field All BG Fields

Niold 74,314 71,730 573,837
0 6,397 67,330 538,637

1 64, 504 4,235 33,880

2 3,330 158 1,263

3 82 7 54

4 1 0 3

>0 71,414 4,573 36, 530

Table 4.2: The number of Source Fields and Background Fields, Ngeq, that were
used for the WENSS-NVSS associations at 44° < § < 64°. 20,675 Background
Fields contained a WENSS source themselves and were excluded. Nugsoc i the
number of associations that a unique source has with an NVSS source. It can be
seen that 6,397 WENSS sources did not have an NVSS source within 90”.
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4. Cross-Matching Multiple Radio Catalogues

gously to the original WENSS sources. NVSS counterparts found for the
offset sources are regarded as purely false. Statistical analysis of the num-
ber counts then determines the likelihood regime in which associations are
considered as genuine. We derive the probability for the association being
unique.

Table 4.2 shows the total number of Fields used in the sample and the
number counts for NVSS associations made in Source and Background Fields.

4.3.2 Parameter Evaluation

We divide the Source and Background Fields into Nyings rings of equal areas:
we draw Vyj,gs concentric circles around the Field centre, with the radii of
the circles defined as p? = ipf, i = 1,2,..., Nyings, with p; = 10”. If we
then count the number of NVSS sources falling in circular areas between
two adjacent circles, p; and p;4+1, we would expect the source counts to
approach the NVSS source density in the outer rings of the Source Fields.
In Background Fields, where we assume associations by chance, we expect
the source counts to fluctuate around the NVSS source density. This is
shown in Fig. 4.1. Around i = 20, i.e. p &~ 45" no distinction between a
true or false association with an NVSS source can be made anymore. The
deficit of NVSS sources in Source Fields in the more outer rings (i > 28)
is explained by the fact that most NVSS sources in Source Fields are true

10° T
: : : : : — Source

- = Background

101 | | | | | | | |
0 10 20 30 40 50 60 70 80
p? /100 [arcsec? |

Figure 4.1: Source counts in equal areas of Source (red line) and Background
(blue dashed line) Fields. The z-axis shows the ring number i, or p?/100, and
the y-axis the number of NVSS sources falling in ring i. The source counts in the
outer rings of the Source Fields approach the average NVSS source density, which
is about 52 deg 2.
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4.3 Reliability of WENSS-NVSS Associations

10° T
: : : ‘| — Source
- = Background

0 10 20 30 40 50 60
Dimensionless distance, r

Figure 4.2: The normalised distribution of the dimensionless distance, r, from
Eq. 4.2, of the WENSS-NVSS associations in Source (red line) and Background
(blue dashed line) Fields. In this plot the binwidth is dr = 1.

WENSS counterparts and are more likely to lie in the inner rings, leaving
the outer rings more empty.

The positional uncertainties of bright WENSS sources (S > 10 0yys) do
not have a Gaussian distribution, but are set fixed to 1.5” (Rengelink et al.,
1997), whereas the faint WENSS sources do have a Gaussian distribution
with typical uncertainties of 5.5”. Therefore, the normalised distribution
of the dimensionless distance, r, of the source association pairs does not
strictly follow a Rayleigh distribution, but is biased towards the bright
WENSS-NVSS associations. This can be recognised in Fig. 4.2, where
bright WENSS-NVSS (true plus false) associations in the Source Fields
tend to have larger r values, and therefore contribute more towards larger
r, which explains the excess of associations in the region of 12 < r < 28.
Furthermore, from the Source Field distribution in Fig. 4.2 it can be seen
that the positional uncertainties of the bright WENSS sources were set con-
servatively. Similar effects are seen in the normalised distribution of the
logarithmic likelihood ratio, A, which is displayed in Fig. 4.3 for Source and
Background Fields.

Following Rutledge et al. (2000) and Haakonsen & Rutledge (2009), and
setting A;; = log LR;;, the reliability of a WENSS-NVSS association pair is
given by

Ntrue(Aij)
Ntrue(Aij) + Nfalse(Aij) ’

where Niue(Aij) is the number of true associations for the given A;; value in

87



4. Cross-Matching Multiple Radio Catalogues

10°

— Source
- = Background

6 i i i i i i
—300 —250 —200 —150 —100 —50 0
A

Figure 4.3: The normalised distribution of the logarithmic likelihood ratio, A, of
the WENSS-NVSS associations in Source (red line) and Background (blue dashed
line) Fields. The binwidth is dA = 2.

a Source Field, and Ngyjge(Ai5) is the number of false associations in a Source
Field for the given A;; value. R;; is the probability that a WENSS-NVSS
association with likelihood value A;; is genuine and not false by a mere
coincidental background source. We cannot discriminate a priori between
true and false counterparts, but we can approximate R by using the total
number counts from Source (Nsr) and Background (Npg) Fields by setting
Nsp(A) = Nipue(A) + Nase(A) and Npg(A) = Npagge(A). Substituting this
into Eq. 4.4 gives
Npc(A)

R=R(A) =1 Ner(A)° (4.5)

The reliability is now approximated by the ratio of the normalised number
counts for Source and Background Fields. We define a cutoff value in A,
below which the reliability is set to zero, R(A < A.) = 0. The largest
value of A where R(A) < 0 is set as the cutoff value, which in our sample
is at A, = —7.1. Associations having A < A. are considered unlikely, and
are not taken into account. Fig. 4.4 shows the reliability of WENSS-NVSS
associations as function of A.

At Ac > 1.9, i.e. R > 0.99 we only have two WENSS sources that have
two NVSS counterparts, and 58,330 WENSS sources having a single NVSS
counterpart. In case of no multiple NVSS associations for a WENSS source,
the reliability R is at the same time the probability of the association being
unique (Rutledge et al., 2000) and from this a high-quality source list can
be constructed.
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Figure 4.4: The reliability R(A) for WENSS-NVSS associations having a log-
arithmic likelihood ratio value of A. R is the reliability of an association being
genuine and not coincidental, caused by a confusing background source. The bin-
width is dA = 0.1. The cuttoff is at A. = —7.1. Below this value, associations
are considered as unlikely. Depending on the quality of source lists, other cutoff
values are at A, = —3.5, where R > 0.5; A. = 0.2, where R > 0.9; A, = 1.6, where
R > 0.98; Ac = 1.9, where R > 0.99.
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According to a spectrum scaling law of S, o v~% we can determine the

spectral index of the association pair as

log(Sw/SN)

“Tog(w/in) (46)

QW-N =

where Sy, Sn, vw and vy refer to the WENSS and NVSS fluxes and fre-
quencies, respectively. The error on the spectral index is

e \/agw /82 + 02 /SZ, (4.7)

with ¢ = log(vn/vw) and og,,, 05, are the WENSS and NVSS flux errors.

A small selection of the source list of WENSS-NVSS associations with
R > 0.99 is shown in Table 4.3. This list is implemented in the database
system used by the Transients Key Project pipeline (Swinbank et al., 2007),
and will become available online.
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4.4 Cross-Matching Bright VLSS Sources with WENSS and NVSS Sources

4.4 Cross-Matching Bright VLSS Sources with WENSS
and NVSS Sources

We selected all VLSS and NVSS sources in the same declination strip as in
Section 4.3.1, at 44° < § < 64°, and all catalogued WENSS point sources for
which a single Gaussian component could be fitted without problems (Ren-
gelink et al., 1997). We accepted only counterparts having a dimensionless
distance r < 7iim, where we set 7, = 3.717. This corresponds to accepting
that 0.1% of the genuine source associations will be missed. We further re-
duced the lists by selecting those sources having A < A, with the likelihood
ratio cutoff value as determined in Section 4.3.2, A. = —7.1; additionally we
specified a lower limit to the VLSS fluxes, Syu. In the resulting source list
we adopted Sjjn = 1Jy, which corresponds to 100, sources.

We processed the cross-correlation as follows. First, we loaded all sources
from the NVSS catalogue that satisfied the above-mentioned requirements
into a so-called running catalogue. This was done to have the catalogue
with the highest density as a first reference. Then the WENSS sources were
loaded. Positional matches of WENSS sources and sources in the running
catalogue (i.e. NVSS sources) obeying r < ), were considered as an as-
sociation. The corresponding parameters, 6, r and A for every pair were
calculated and a weighted average position was maintained in the running
catalogue. Lastly, the VLSS sources with S > Sj;, were loaded and searched
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Figure 4.5: Dual spectral indices plot for the 44 sources that have a counterpart

in the three catalogues of VLSS, WENSS and NVSS and of which the VLSS source
is brighter than 10 Jy.
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for counterparts in the running catalogue, which was then updated with the
new averaged values for associations found.

Since we explore cross-associations between three catalogues, we calculate
the spectral indices between two catalogues that are at adjacent frequencies,
analogous to the derivations in Section 4.3.2. Plots of low-frequency spectral
indices (av_w; between VLSS and WENSS pairs) vs. high-frequency spec-
tral indices (aw-n; between WENSS and NVSS pairs) give insight into the
spectral behaviour of sources. Such dual spectral indices plots are shown in
Figs. 4.5, 4.6 and 4.7.

For demonstration purposes, Fig. 4.5 shows the dual spectral indices plot
for 44 unique VLSS-WENSS-NVSS associations of which the VLSS source
is brighter than 10Jy (~ 1000,ys). For the final source list, we choose
the VLSS lower flux limit at S}, = 1Jy, to have it at about 10 times the
rms noise. Fig. 4.6 shows the corresponding dual spectral indices plot for
the 2,791 source associations that meet these requirements. A zoomed-in
histogram of the latter source list shows the counts per spectral index cell
and is given in Fig. 4.7. Histograms of the two spectral-index distributions
are shown in Fig. 4.8, from which it can be seen that the average spectrum
turns over towards lower frequencies. Nearly 90% of the sources do show this.
The (arithmetic) average spectral indices are @y_w = 0.721 and aw_n =
0.923. However, Fig. 4.8 is biased against the larger values of the high-

ay_y (325-1400 MHz)

ay_yy (74-325 MHz)

Figure 4.6: Scatter plot of dual spectral indices for the 2,791 sources having
a counterpart in all three catalogues of VLSS, WENSS and NVSS and where the
VLSS source is brighter than 1 Jy. The fraction of sources having a peaked spectrum
resides in the upper left quadrant.
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20

ay_y (325-1400 MHz)
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ayy (74-325 MHz)
Figure 4.7: Histogram of the dual spectral indices for the 2,791 sources having

a counterpart in the three catalogues of VLSS, WENSS and NVSS and where the
VLSS source is brighter than 1 Jy.

500

— Qyw

AN

400r

300f

Counts

200f

100r

—ll T I
=0.5 0.0 0.5 1.0 1.5 2.0
Spectral Index

Figure 4.8: Distribution of the low- (ay_w) and high-frequency (aw_n) spectral
indices of the 2, 791 sources that have counterparts in the three catalogues of VLSS,
WENSS and NVSS of which the corresponding VLSS source is brighter than 1 Jy.
The arithmetic average spectral indices are ay_w = 0.721 and aw_n = 0.923.
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RA Dec ayv_w QW_N  Oft x? | Catalogue Name Sy T A
[hh:mm:ss]  [dd:mm:ss] [Jy]
00:00:24.995 44:09:18.251 1.148 0.860 0.925 5.75
VLSS 0000.44-4409 1.07+0.14 0.24 3.12
WNH B2357.8+4352 0.20+0.01 1.04 3.96
NVSS J000025+440918 0.064+0.00 0.32 4.80
00:00:28.869 46:54:42.511 1.422 1.583 1.54 2.42
VLSS 0000.44-4654 1.684+0.20 0.48 3.21
WNH B2357.9+4637 0.20+0.01 1.05 3.90
NVSS J000028+465443 0.024+0.00 0.59 4.37
00:00:49.600 46:00:36.340 0.988 0.760 0.798 3.40
VLSS 0000.84-4600 1.12+0.16 0.63 2.82
WNH B2358.2+4543 0.26+0.01 0.20 4.19
NVSS J000049+460036 0.09£0.00 0.07 4.83
00:01:19.062 47:42:00.738 0.542 0.558 0.555 0.02
VLSS 0001.3+4741 1.21£0.16 1.90 2.33
WNH B2358.7+4725 0.54+0.02 0.22 4.19
NVSS J000119+474200 0.244+0.01 0.08 4.94

Table 4.4: A subset of the source list of the 2,791 VLSS sources brighter than 1 Jy, that have counterparts in both the WENSS and
NVSS catalogues. RA and Dec are the weighted average positional coordinates. The calculated two spectral indices for the associations
are given by a low-frequency index, ay_w (73.8-325 MHz), and a high-frequency index, aw_n (325-1400MHz). ag is the fitted index
assuming a straight spectrum, whereas x2 is the least squares of the fitted value. The names of the counterparts are given together with
the rounded flux values from their original catalogues. » and A are the association parameters of the weighted averaged source position

and the catalogue counterpart pairs. The reliabilities R are not shown in this table view, since they all are very close to unity.

94



4.5 Discussion and Conclusions

frequency spectral index: ultra steep spectrum (USS) sources which have a
modest WENSS flux will often go undetected in NVSS. If we assume the
spectra to be defined by a single power law, given by the VLSS and NVSS
flux points, the WENSS fluxes are larger than the expected fluxes from this
assumed flux scale by about 14%.

Furthermore, for every source in the list, we fitted a single spectral index,
agt, with the assumption that it has a straight spectrum across the three
frequencies on a log v-log S, scale. The least squares of the fit, x?, is then
an indicator for spectra deviating from this assumption, where bent spectra
have noticeably larger values than straight spectra. x? values greater than
11.3 correspond to a probability of less than 1% that the spectrum is a single
power law.

A small subset of this source list is shown in Table 4.4. It is implemented
in the database system that is used by the Transients Key Project pipeline
(e.g., Chapter 3 of this thesis; Swinbank et al., 2007; Swinbank, 2010) to be
available in real-time during LOFAR observations.

4.5 Discussion and Conclusions

We are able to construct high-quality source lists containing spectral infor-
mation by evaluating the association parameters (Section 4.2) and apply-
ing the quantitative cross-association methods developed by Rutledge et al.
(2000). Such source lists serve as an initial Global Sky Model for the LO-
FAR calibration. The source lists are easily fed into the LOFAR calibration
and imaging pipelines, due to the integration of the database system that
contains the major catalogues from which the source lists are created.

The likelihood ratio cutoff value, A., that was determined in Section 4.3.2,
is specific to the sample of WENSS-NVSS catalogues. Extensions with the
VLSS catalogue were justified, because the local source density, n;, was the
same, i.e. the NVSS source density.

The Transients Key Project will maintain a catalogue of all sources de-
tected by LOFAR. The LOFAR catalogue initially comprises the same sources
as extracted from the cross-associated catalogues. New measurements of
sources are quantitatively associated to the known sources in the LOFAR
catalogue, using the same method in order to notice flux changes or detect
transient events. The LOFAR catalogue will evolve over time, adding new
sources and enhancing the light curve data points of known sources.

In our sample, the majority of the VLSS-WENSS-NVSS cross-associations
were unique. If we extend the list of catalogues and are dealing with cat-
alogues of significantly different resolutions, e.g., the optical catalogue of
SDSS with ~ 1” resolution, we have to take into account the fact that mul-
tiple association candidates will appear in the field of source. In such a field
with many possible counterparts, the reliabilities R;; for all the association
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pairs will then give the probability for each counterpart being unique or that
none can be associated (Rutledge et al., 2000).

From the list of associated sources, we determined the low- and high-
frequency spectral indices, which reveal that 90% of the sources have a
spectrum that turns over towards lower frequencies, displaying the onset of
synchrotron self-absorption. The source list contains 27 sources that have
peaked spectra.
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