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A study of the panchromatic properties of radio sources makes it possible to research the evolution
of active galactic nuclei and their relationship with the environment. The study was made of a
complete sample of radio sources in terms of flux density from surveys of the "Cold Experiment",
carried out on the RATAN-600 radio telescope at a frequency of 3.94 GHz in 1980–2000. We
have found hosts for 95% of these radio sources. According to the radio luminosity estimates,
most of the sources are powerful FRII type radio sources. Based on photometric data and color
indices among the hosts we have identified groups of quasars, early-type galaxies, and late-type
galaxies. Additionally, the late-type galaxies are subdivided into a smaller group with a relatively
low radio loudness index and a larger group with a high index.
Depending on the radio luminosity, the sources were divided into groups. In each group, the
median of the ratio of the absolute magnitude to the radio luminosity was calculated, and the
number of quasars and the number of galaxies were also calculated. Correlations are found whose
behavior can be explained by a change in the screening properties of the torus. As the radio
luminosity increases, the shielding properties of the torus decrease.
Long-term variability was found with varying degrees of confidence in 18% of the radio sources.
The hosts of these sources with magnitude R≤18𝑚 exhibit variability in the optical range as well.
According to the multi-frequency maps of the Planck mission, for 70% of the sources of the
RCR catalog, at a level ≲4𝜎, a positive signal was found at least at one frequency. The spectral
studies confirm the connection of these positive spots with the radio sources. To search for the
Sunyaev-Zel’dovich (SZ) effect, the studies of the properties of "hot" and "cold" spots near sources
were carried out. 16% of the radio sources have signs of the SZ-effect at level ≲4𝜎. One fifth of
them are in the catalogs of galaxy clusters, which confirms the applicability of our technique for
searching for the effect in faint sources.
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1. The "Cold Experiment"

In 1980, the RATAN-600 radio telescope was equipped with a cryoradiometer with a sensitivity
of ∼2 mK with an integration time of ≈1 s at a wavelength of 7.6 cm. And the "Cold Experiment"
was launched as a series of surveys of about 40′-wide strip of the sky at declination of SS 433
(𝛿 ≈5◦). The main tasks of the experiment were the search for the 3◦K background radiation, the
study of weak sources and other tasks related to galactic radio emission.

The catalog of radio sources RC (RATAN Cold) was obtained from the data of the first cycles
of the "Cold Experiment". The accuracy of the source coordinates in the central part of the survey
is 5′′×45′′. The sources represent a complete sample in terms of flux density from 3.94 GHz to
10 mJy. Here we give only a very brief overview of the work that has long been carried out on the
study of the panchromatic properties of the "Cold Experiment" sources.

2. Study of the RC radio sources

As planned, the studies of the radio sources of the "Cold Experiment" in the optical range
began immediately after the first results were obtained. In 1984–1986, 16 nights were allocated
for photographic observations on the 6-m optical telescope BTA. Also a search was made for
optical counterparts using enlarged photographs of the Palomar Sky Atlas. As a result, including
identification of the Big Trio project sources (see the paper Zhelenkova et al. in this volume), about
20% of the objects of the RC catalog were identified in the optical range before the era of modern
digital surveys.

432 radio sources of the RC catalog fell into the region of intersection of the SDSS DR3 [1]
and FIRST [2] surveys in the right ascension interval 8ℎ11𝑚<R.A.<16ℎ25𝑚. Due to the insufficient
coordinate accuracy, we first refined the coordinates of the RC radio sources [3], identifying them
with the radio catalogs with higher coordinate accuracy and angular resolution. For 75% sources,
we found radio counterpats in the NVSS [4] and FIRST surveys. Optical hosts were found for 80%
of the radio sources at the limiting magnitude of the SDSS survey r≈22.6𝑚 [5]. The ratio of galaxies
and stellar objects among the identified sources turned out to be 2:1.

3. Study of the RCR catalog radio sources

To refine the coordinates and flux densities of the radio sources of the RC catalog, the surveys
of 1987–2000 were processed, and the surveys of 1980–1981 were re-processed. As a result, for
the right ascension interval 2ℎ<R.A.<17ℎ, the RCR catalog was obtained, which included about
850 objects [6, 7]. Fluxes, the right ascension coordinates and spectral indices were determined for
these sources.

Flux-density-complete samples of radio sources can include different populations of objects,
depending on the frequency at which and with what flux-density limit they were obtained due to
the different redshifts of objects, the contributions to the integrated observed spectrum are obtained
from various physical components of the source [8].

The spectral characteristics of the RC sources have been repeatedly determined both from
multi-frequency observations, carried out with the RATAN-600 radio telescope, and using data
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from well-known catalogs. With the advent of more flux-sensitive TGSS and GLEAM surveys, it
became possible to refine the spectra of bright sources in the low-frequency range, as well as more
confidently determine the spectra of half of the RCR sources for which flux density data are known
only at two frequencies.

For each of the objects of the RCR catalog, radio spectra were built and spectral indices were
calculated at 0.5 and 3.94 GHz, as well as two-frequency spectral indices at 74 and 150 MHz,
1.4, 3.94 and 4.85 GHz. We investigated the relationship between two-frequency spectral indices
and integrated flux density for various combinations of indices and flux densities for the above
frequencies. An appreciable correlation between 𝛼150 and F150 is found for both the sources with
steep spectra (SS) and the sources with flat spectra (FS). As the flux density increases, the radio
spectrum becomes steeper. In general, FS sources are weaker in flux density than SS sources, as
can be seen from the graph in Figure 1 (left). We believe that this is due to the different brightness
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Figure 1: Left: the diagram of scattering of spectral indices at the frequencies of 0.5 GHz and the flux
density at the frequencies of 150 MHz for 830 RCR-sources. The upper dashed line is a regression line over
all points for the sources with steep spectra (𝛼 ≤–0.5, filled circles), bottom line is for the sources with flat
spectra (empty circles). Right: the relation between the radio loudness index R𝑟 and log(L1.4) for galaxies
(circles) and quasars (squares) with known spectroscopic redshifts. The lower and upper lines show the linear
dependencies of log L1.4 on R𝑟 for radio galaxies and quasars, respectively.

of the extended components in the SS and FS sources. At the frequencies of 3.94–4.85 GHz, where
the contribution of the nuclear part predominates, there is no such noticeable difference. It can be
assumed that SS ans FS sources belong to types of objects with different jet energies, which may
be due to different types of accretion. However, the environment and evolutionary stage of a radio
source can also have an impact.

3.1 Optical counterparts

The studied part of the RCR catalog overlaps with the SDSS optical survey, the UKIDSS
and WISE infrared surveys in the right ascension interval 07ℎ<R.A.<17ℎ 1. If the object was not
detected from the optical or infrared image in one filter, we analyzed the cutouts in all available
filters, and also analyzed the co-added frames to get a deeper image. The final decision on the
optical candidate was made after analyzing all available information, taking into account coordinate
coincidence, radio structure, photometric and spectroscopic data, and data on proper motion. With

1For our calculations, we take the following cosmological parameters: H0=73 km s−1Mpc−1 and ΩΛ=0.73.
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the help of software tools and resources of the virtual observatory, 94% of 550 radio sources [9, 10]
were identified. 48% of the sources were identified for the first time, and for 52%, the identification
made by us earlier or available in databases was confirmed.

For 440 RCR-sources, the radio loudness index R𝑟 2 was calculated. It turned out that 2.5%
of the sources in the RCR-catalog, mostly galaxies with z≈0.1, have R𝑟<1. We found a correlation
berween R𝑟 and log(L3.94), both for galaxies and quasars (see Fig. 1, right). We used the obtained
relations to estimate the radio luminosity of the sources with unknown redshifts3. It was learned
that 60% of RC objects in terms of radio luminosity are powerful FRII-type radio sources.

Using color index constraints from SDSS, 2MASS, UKIDSS, and WISE photometric data [12–
14], 52% of the identified hosts are classified as galaxies, 24% as quasars. The remaining 24%
of the objects we could not attribute to any type, since they are weak in optics. 217 (52%) of
the studied sources (r≤21.5𝑚) are divided into four groups according to available photometric
data SDSS, colour and concentration indeces correlations of the «red» and «blue» sequences4: (I)
quasars (43%), (II) late-type galaxies (16%), (III) early-type galaxies (22%) with a relatively low
radio loudness index with an average R𝑟≈1.8, and (IV) early-type (19%) galaxies with a high index
R𝑟≈3.1.

Figure 2: Left: the dependence of the ratio k = –M𝑟 /log(L3.94) on the logarithmic radio luminosity at a
frequency of 3.94 GHz for galaxies and quasars from the RCR catalog. Squares denote the median value of
the k parameter for each bin of the logarithmic radio luminosity for galaxies, circles – for quasars. Right: the
ratio of galaxies to quasars in each group by radio luminosity at the frequency of 3.94 GHz.

The ratio k=–M𝑟 /log(L3.94) can be considered as a characteristic of the shading of the nucleus
by the torus, if one follows the unified model [16, 17]. As such characteristic, we took the ratio of
the r-band absolute magnitude M𝑟 to log(L3.94) and compared it for hosts for which the type was

2R𝑟=0.4(m𝑟–t𝑁 ), where m𝑟 is the deredded magnitude in the r-band; t𝑁 is the NVSS flux density expressed in the
magnitude of the AB-system by the formula: t𝑁=–2.5log(F𝑁 /3631 Jy) [11]. Radio sources with R𝑟>1 are radio loud
sources.

3Photometric or spectroscopic redshifts are known for half of the parent objects.
4Strateva et al. [15] found that SDSS galaxies (g<21𝑚) can be subdivided into early-type galaxies (E, S and Sa or «red»

sequence) with u–r≥2.22 and late-type galaxies (Sb, Sc and Irr or «blue» sequence) others.There is also a correlation
between the colour of the galaxy and its radial profile, measured by a concentration index C. If C > 2.6, the galaxy
belongs to the early types.
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determined – a galaxy or a quasar. For quasars, this ratio does not depend on the radio luminosity,
but for galaxies it has a minimum value for the radio sources with a maximum luminosity and,
with decreasing radio luminosity, grows to the level characteristic of quasars. The sources were
divided into bins according to their radio luminosity, the number of quasars and galaxies in each
group was calculated. It turned out that in each bin, with increasing radio luminosity, the number
of quasars increases. These results can be explained by the fact that the shielding properties of the
torus depend on the power of the radio source.

3.2 Search for long-term variability

The search for the variability of radio sources and radio transients is carried out both on the
basis of archival data [18, 19] and in the course of monitoring programs [20, 21]. Based on
the "Cold" surveys 1980–1999, we tried to discover sources with long-term radio variability and
transient events as well. We made a careful selection of calibration sources to build calibration
curves for determining the flux density. To test for probable variability, we used several common
statistical tests of variability [21]. 73 sources turned out to have positive variability indices, which
suggests their possible variability [22]. Almost half of these sources are bright objects with the
flux density 𝐹3.93>100 mJy. The parent objects of candidate variable sources are both galaxies and
quasars. 18% of the surveyed sources can be attributed to long-term variables in the radio range,
which is comparable with the estimates given in other works [21].

For optical counterparts of the radio sources, we have up to five epochs of observations
in the optical and infrared ranges according to USNO-B1, GSC, SDSS, 2MASS and UKIDSS
catalogs. The hosts with R≲18𝑚 can be suspected of having optical and/or infrared variability due
to significant magnitude variations (Δm>0.7𝑚), as well as positive values of the variability index,
which we used. About 40% of the radio sources, for which there are data in two or more catalogs,
have brightness variations in the range 0.7𝑚–1.0𝑚 and higher [10].

4. Study of RCR sources in sub-mm and mm ranges

The energy distribution in the spectra of radio sources is marked by a rise in the submillimeter
range and indicates the presence of a dust component in active galactic nuclei. We have studied
the maps of the microwave background radiation near the radio sources of the RCR [23] catalog.
We tested the areas with the radius of 1.5 beamwidth (∼7′) at Planck frequencies for searching for
a signal at a signal-to-noise ratio of ≲4𝜎. We found a positive signal in 70% of the sources at
least at one frequency of the Planck mission, according to the measurements of multi-frequency
maps, and estimated the flux densities of the RCR sources5. The weak sources that we study are
difficult to remove from maps due to the low intensity of the radiation flux, which makes it difficult
to statistically analyze the cosmic microwave background on Planck maps at scales less than 7′.

We searched for the Sunyaev-Zeldovich effect in the direction of the radio sources [23, 24].
The detection of low intensity spots that satisfy the conditions of the SZ-effect near radio sources
can be regarded as evidence of the manifestation of the effect and its connection with clusters.

5The calibration curves needed to determine the flux densities were constructed based on measurements of com-
pact sources from the Planck catalogue. The data published in Vizier database in the next tables: J/AZh/93/616,
J/other/AstBu/76.109.
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About 270 radio sources fall in areas of about 1.5 the beam size of the Planck antenna, where the
SZ-effect is detected with varying degree of confidence. Near most of the spots, which are possible
SZ-candidates, clusters with z>0.10 are located. In 9% of SZ-candidates and clusters of galaxies in
the immediate vicinity, redshifts coincide, which indicates that the sources belong to these clusters.
It was found that near the spots with the topology of the SZ-effect, clusters of galaxies with different
redshifts or a radio source (often more distant) can be located. It can be assumed that for several
clusters of galaxies or a cluster and a radio source located along the line of sight, the SZ-effect may
become weaker or blurred.

5. Conclusion

For a number of years, the studies of the radio sources of the "Cold Experiment" were carried
out. These surveys serve as an intermediate link between deep VLA surveys and low-sensitivity
all-sky surveys. One of the important results is that we haven’t found objects at the 10 mJy level
that were not previously included in the catalogs of decimeter waves.

Examining this sample, complete in terms of flux density, we found that the vast majority
of sources are powerful radio sources with the radio luminosities at the level of FRII-type radio
sources. Among the parent objects of the radio sources, in addition to quasars and early-type
galaxies, late-type galaxies account for an unexpectedly large proportion, previously not noted in
publications. We have revealed a relationship between torus geometry and radio luminosity – the
sources of higher luminosity have a thinner torus.

In conclusion, we note that sufficiently representative and complete samples of objects, like
the RCR catalog, turn out to be an optimal and effective tool for studying the properties of radio
sources, including the search for and discovery of new patterns.
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