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Long-term radio behaviour of GPS sources and candidates
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This paper is a summary of the work that our group has done (and recently published in several papers) on long-term radio
variability of GPS sources. We have studied the long-term (up to 30 years) variability of GPS sources and candidates, with
emphasis on the high-frequency radio domain. Our data sets show that only a relatively small number of these sources
retain their convex spectra when they are monitored densely and for long periods of time. The current GPS samples are
especially contaminated by small, beamed blazar-type sources. Also the remaining population with consistently convex
GPS-type spectra seems to be heterogeneous, falling into several subpopulations when their observed properties are used
for clustering them through a self-organizing map.
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1 Introduction

Since the end of the 1970’s our team has studied Active
Galactic Nuclei (AGNs) at high radio frequencies (22 to 90
GHz) at Metsähovi Radio Observatory in Finland (Salonen
et al. 1983, 1987; Teräsranta et al. 1987, 1992, 1998, 2004;
Nieppola et al. 2007). In addition to our Metsähovi observ-
ing projects, we have observed southern to equatorial AGNs
with the Swedish-ESO Submillimetre Telescope (SEST) in
Chile from 1988 to 2003, i.e., until the decommissioning of
SEST (e.g., Tornikoski et al. 1996, 1999, 2000, 2001, 2002).
Our main focus has been on the high-frequency radio vari-
ability of AGNs, but sometimes we have also carried out
one to a few epoch observations of AGNs that have earlier
not been observed at high radio frequencies.

During our observing projects we realized that some
sources that were earlier assumed to be very faint at high
radio frequencies and thus usually excluded from high-fre-
quency studies, could in times be much brighter than ex-
pected. The fact that at least some of the sources turned out
to be bright in the millimetre-domain could be due to either
variability, or to an unusual continuum spectrum peaking at
relatively high frequencies. In either case, it was possible
that lots of interesting, potentially very bright sources had
been excluded from high-frequency radio studies. If at least
some of them belonged to the extreme-peaking GPS pop-
ulation, maybe the number of high-peaked sources would
turn out to be larger than earlier assumed.

� Corresponding author: Merja.Tornikoski@tkk.fi

When samples for high-frequency studies are selected
by using low-frequency data only, the population of sources
that peak above ca. 10 GHz could be strongly underrepre-
sented. Also the very low number of data points in surveys
may play a role in the selection process. Selecting GPS
source candidates based on one-epoch observations is prob-
lematic if the source is variable, because it is impossible to
determine whether the source spectrum has a consistently
GPS shape or whether the source was only observed in a
very active state and its spectrum was temporarily inverted.
In many radio-loud quasars, the spectrum at high radio
frequencies flattens considerably or even becomes inverted
during an outburst. In addition, when the GPS-candidate
selection for higher frequency studies is made using cata-
logues with data entries possibly more than a decade older
than the high-frequency observations, the non-simultaneity
of the observations makes it impossible to determine the
true shape of the radio spectrum.

2 Results from the first studies

In Tornikoski et al. (2000) we found indications that a large
number of sources with high peak frequencies may exist.
The existence of such sources is easily ignored, because ex-
treme peaking sources are not systematically searched for
at high radio frequencies, and most of the GPS catalogues
are based on data taken at relatively low frequencies. There-
fore we wanted to investigate the sources that we had been
observing in Metsähovi and SEST in more detail in order
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to see if we would be able to identify new high-peaked
sources.

Our initial source sample consisted of ca. 200 radio-
bright AGNs that had been monitored in Metsähovi, or with
SEST, or both, at several radio bands in the frequency range
of 22 to 230 GHz. The data streams were from 15 to ca. 25
years long. In addition to using our own observational data
base, we also searched for additional radio data from the lit-
erature, see Tornikoski et al. (2001) for the complete list of
references.

Using these data sets, we plotted multifrequency contin-
uum spectra in order to search for new GPS-type sources
and especially extreme-peaked sources (Tornikoski et al.
2001). We also wanted to study our source sample in or-
der to see whether we could confirm existing GPS classifi-
cations for sources that were identified as GPS sources in
the literature (de Vries et al. 1995, 1997; Tingay et al. 1997;
Stanghellini et al. 1998; Dallacasa et al. 1998; O’Dea 1998).

12 out of the 14 sources that had been classified as
GPS sources or candidates in the literature showed flux
density variability resembling that of ordinary flat-spectrum
quasars. For six of them, the average shape of the contin-
uum spectrum was steep or flat after the inclusion of our
new data. We also identified 12 new sources with convex
spectra, but most of them were variable and thus contradict-
ing the classical definition of GPS sources.

3 Next step: a closer look at the “genuine”
GPS sources

In the studies we made in Tornikoski (2000, 2001) it turned
out that most of the sources from our own monitoring sam-
ple, in spite of some of them at least at times having con-
vex spectra, did not adhere to the classical GPS source
definition due to their variability and temporal changes in
the continuum spectra. This was also true for sources that
had been classified as GPS sources/candidates in the liter-
ature (e.g., some sources from de Vries et al. 1995, 1997;
Stanghellini et al. 1998; Dallacasa et al. 1998; and O’Dea
1998). Among the ones that we had observed in the high-
frequency domain, there were no nonvariable quasar-type
peaked-spectrum sources.

Initially our own source samples had been formed by
the desire to monitor sources that were somehow “interest-
ing”, i.e. known to be or supposed to be variable, at least in
some frequency domain. It was possible that our samples in-
cluded the incorrectly classified, variable GPS source candi-
dates, but the rest of the sources classified as GPS sources in
the literature would more persistently adhere to the canon-
ical GPS definition. Therefore we formed two new GPS
source samples. One of them includes 60 sources, mostly
quasar-type, classified as GPS sources or GPS source can-
didates in the literature. For the full source list and litera-
ture references, see Torniainen et al. (2005). This sample
also includes the candidate GPS sources – even though al-
ready known to be relatively variable – from Tornikoski et

al. (2000, 2001). As a comparison sample we constructed a
list of 96 GPS galaxies, also identified as such in the litera-
ture. For the full source list and literature references for this
sample, see Torniainen et al. (2007).

We made new observations of these sources at 37 GHz
in Metsähovi, at 90 GHz with the SEST, and we obtained
multifrequency 1–22 GHz data taken with the RATAN-600
telescope in Russia. Additionally, we obtained unpublished
data from the University of Michigan Radio Observatory
(UMRAO) at 4.8, 8.0 and 14.5 GHz (see Aller et al. (1985)
for description of the observing system). In addition to these
new observational data, we also searched for complemen-
tary radio data from the literature, see Torniainen et al.
(2005, 2007) for the complete list of references. The longest
data streams were of the order of 30 years, but at some fre-
quency bands there were only one or very few data points.

With the long-term multifrequency spectra at hand it
was evident that among the 16 sources – all of them of
the quasar-type – that we had expected to possibly turn
out to be “new GPS sources”, not a single one could be
classified as such. Most of them were highly variable flat-
spectrum sources that showed convex spectra only during
active states, and even the ones whose spectra remained
somewhat convex during the various states of activity were
highly variable especially in the high-frequency domain
(>22 GHz). Furthermore, the majority of sources classi-
fied as GPS sources in the literature did not retain their
GPS spectrum. Only five out of 44 GPS sources had a con-
sistently convex spectum (with their spectral index below
the turnover, αbelow > 0.5) and little variability (fractional
variability index V < 3); see Torniainen et al. (2005) for a
more thorough discussion on the classification criteria. Two
of them are galaxies, two are low-polarization quasars, and
for one of them no optical identifications are available.

With the new data, the remaining 39 sources earlier clas-
sified as GPS sources now turned out to be variable sources,
many of them having inverted spectra only during promi-
nent activity stages. Also many of the sources which still
had a convex spectrum were at times highly variable. Thus
our main conclusion for this sample was that the number
of genuine GPS sources, with consistently convex spectra
and none to modest variability, is much lower than earlier
assumed.

For our comparison sample of 96 GPS galaxies we un-
fortunately had much sparser data sets than for the above-
mentioned quasar-dominated sample. Many of them were
included in our source list only when we started this project.
Thus for some of them we only had few-epoch observations,
and for practically none of them we had such extensive flux
history as for the GPS quasars. Due to the sparseness of
data it was difficult or impossible to determine the actual
spectra for ca. 30% of the sources. For the rest of them we
had enough data for determining the shape of the contin-
uum spectra, and the number of sources retaining their GPS
spectra turned out to be higher than for quasars. 29 out of 96
sources classified as GPS galaxies in the literature retained
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a convex spectrum. However, also steep and flat spectra, as
well as convex spectra with high variability were found.

Thus there are indications that the number of genuine
GPS galaxies is higher than that of GPS quasars. However,
there seem to be several incorrect classifications among
them as well. Additionally, because our data streams for
these sources were in general much shorter than for the
quasar population it may turn out that some of the galaxies
now showing convex spectra will not retain their spectral
shape when observed for a longer period of time.

4 Long-term variability: what have we
learnt?

Many of the early GPS source samples in the literature have
been produced by first combining data points from differ-
ent catalogues originating from different epochs, and then
by selecting sources with convex radio spectra to be classi-
fied as GPS sources. At times single-epoch multifrequency
spectra or observations spanning a couple of years have
been used. This approach easily generates very heteroge-
neous samples, since a peaked spectrum can be produced
by several different effects. Typical cases producing mis-
classified sources are variable flat-spectrum sources having
been observed when one flaring component dominates the
high-frequency part of the spectrum and creates a temporar-
ily inverted spectrum that can last for months, or in extreme
cases even years.

Our group has studied the long-term variability of AGNs
at high radio frequencies in detail (e.g., Hovatta et al. 2007,
2008a, 2008b). Our findings stress the importance of long-
term monitoring for fully understanding the source variabil-
ity behaviour or for defining continuum spectra. In our sam-
ple of radio-bright, variable AGNs, large flares are seen on
average every four to six years, and they typically last 2.5
years at 22 and 37 GHz, but can range between 0.3 to 13.2
years. During the time between the large flares these sources
may exhibit smaller-scale variability or the base flux density
level may gradually change, or both. Nevertheless, the truly
prominent flares occur relatively rarely, and typically last
for at least a few years even in the 37 GHz frequency band.

Due to the somewhat limited access to radio telescopes
one is easily tempted to draw conclusions about the source
behaviour based on sparse data sets, or sometimes just on
one-epoch data. Our findings show that long time series are
more important than very dense sampling, and that even
three to five years of data may not be enough for revealing
the “typical behaviour” of a source. With too short data sets
incorrect conclusions are easily drawn about the variability,
the shape of the continuum spectrum, the SED, the detec-
tion probability at high frequencies, and so on. This leads to
misinterpretation of source types and subtypes in samples
severely contaminated by incorrectly classified sources, as
we believe has happened in the case of the GPS population.

5 Cluster analysis of GPS sources and
candidates

Except for the spectral shape there seemed to be no clear
and simple “GPS source type properties” in the sources that
we classified as genuine GPS sources in Torniainen et al.
(2005, 2007). There are both quasars and galaxies, compact
symmetric objects (CSOs) and core-jet morphologies, vari-
able and non-variable sources. Intrigued by this variety of
objects still classified as GPS sources, and seeking for un-
derstanding of their physics, we wanted to study their prop-
erties by using an advanced analysis method (Torniainen et
al. 2008). We used a self-organized map (SOM), which is an
unsupervised neural network that uses no a priori assump-
tion of the cluster memberships. Using a large collection of
parameters, the algorithm places the objects on a multidi-
mensional map so that the Euclidian distance of the param-
eter vectors of similar objects is minimized. One of the ad-
vantages of this method is its ability to analyse incomplete
data matrices, i.e. the method can be effectively used even
when some data are missing for some sources.

We used a sample of 206 GPS and high frequency peak-
er (HFP) sources for this detailed study of the underlying
populations of various source types. For completeness, the
sample included basically all sources that have been identi-
fied as GPS sources or candidates in the literature. Thus the
sample included also sources that during our previous stud-
ies (Sects. 2 and 3) turned out not to be good representatives
of the genuine GPS source type, i.e., also sources whose
spectra did not retain a convex shape or sources that exhib-
ited considerable variability. The classification information
from our earlier studies was not used during the clustering
process, but only for studying the source clusters after the
maps had been produced and to see to what degree the out-
come would agree with our earlier findings.

The parameters that we used for the analysis were col-
lected from our own observations as well as from the lit-
erature, including: redshift, size, radio power, optical and
radio polarization information, optical magnitudes at var-
ious wavebands, optical colours, hydrogen column density,
power law slope in X-rays, radio variability indices, and var-
ious parameters describing the shape of the radio spectrum.
For tracing the locations of different types of sources on the
maps we also used auxiliary classification information from
our previous papers (for the spectral classification of GPS
sources and candidates) and from the literature (e.g., for op-
tical identification and VLBI morphology).

We tested several clustering methods and clustering pa-
rameters. There were no substantial differences between the
various approaches, even though for some single sources
the cluster memberships change when changing the cluster-
ing method or the parameter space. For the “big picture”
the outcome of the various runs remained consistent: when
combining the cluster map and the auxiliary identification
information, the map could be divided roughly into four
quarters. Two of them are populated with quasar-type sour-
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ces, one of them with consistently GPS-type spectra and
the other with other types of spectra. In one half of the
map there are mainly galaxies; again one side is dominated
by consistently GPS-type spectra, while the other side has
other types of spectra (flat, steep, convex with variability, or
those with too few data points for accurate determination of
their spectra). As they are not numerical quantities, neither
the optical identification, VLBI morphology or our spec-
tral classification were used by the algorithm, and therefore
the formation of groups of sources similar in these proper-
ties is likely to reflect some genuine similarities between the
sources.

Our results confirm the contamination of GPS samples
by small, beamed blazar-type sources. More than one quar-
ter of the map is populated by variable flat-spectrum sources
and variable sources that have inverted spectra only during
outbursts. These sources should be excluded from GPS sam-
ples when new “master lists” for GPS sources are being con-
structed.

Sources with confirmed GPS-type spectra form various
separate clusters, and it seems likely that there are diverse
subpopulations of GPS sources in addition to the quasar
vs. galaxy dualism. Our analyses produce a cluster of very
young (confirmed by kinematic age estimates) galaxy CSOs
with rather low radio powers and – somewhat unexpect-
edly – low intrinsic turnover frequencies. There is another
cluster consisting of young CSO and compact double (CD)
quasars and galaxies with high peak frequencies and high
radio powers, and thus considerably different from the afo-
rementioned cluster. We have also identified a cluster that
may represent free-free absorbed sources, as well as another
one of quasars and galaxies with mostly core-jet morpholo-
gies and consistent GPS-type spectra. In order to really un-
derstand the fundamental differences between the various
GPS subpopulations, a more thorough detailed multiwave-
band approach is needed. In particular, more data are needed
on the sizes, age estimates, gas content and distribution etc.
to tackle the question of the physical differences of the un-
derlying populations.

6 Conclusions

We have studied the long-term (up to 30 years) variability
of GPS sources and candidates, with emphasis on the other-
wise sparsely studied high-frequency radio domain.

It turned out that many of the sources classified as GPS
sources in the literature do not have a consistently convex
spectrum, and furthermore, many of them are highly vari-
able. Most of the GPS source lists in the literature are based
on too few data points, and often also on non-simultaneous
data, leading to incorrect classifications.

If one wants to study the “true” GPS source population,
i.e. sources that retain a convex spectrum and show rela-
tively little time variability, a new master list based on our
findings should be used instead of those given in the earlier
literature, where the inclusion of blazars and other variable

flat-spectrum sources contaminates the GPS source lists.
In particular, sources classified as flat-spectrum sources or
as of the “inverted during burst”-type in Torniainen et al.
(2005, 2007) clearly stand out as sources that have ear-
lier been misclassified, probably due to too sparse data.
With long-term multifrequency data at hand, their spectra
no longer resemble those of typical GPS sources.

Our cluster analysis through self-organizing maps
showed that also the remaining sources with consistent GPS
spectra are otherwise heterogeneous and do not form one
single population. Even the quasar vs. galaxy dualism is not
sufficient to explain the persistent division into several sub-
clusters. Even though most of the source properties of the
genuine GPS sources are in accordance with the “youth sce-
nario”, other subpopulations are also probable.
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