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Abstract
In this paper, we investigate radio properties of active galaxies taken from the
reference [Véron-Cetty & Véron (2010)] catalog. The galaxies are limited to
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magnitudes in the range of 12 —19™. We have cross-correlated the list with
radio catalogs and selected those galaxies that have data on six or more radio
fluxes at different wavelengths. As a result, we have 198 galaxies that satisfy
these conditions. Using SDSS DR15, we have obtained 96 spectroscopic identi-
fications of the 198 objects. After the classification, 85% of the 96 objects have
changed their types. Available data on the classification of these objects and
our classification showed that 56.7% of them are Seyfert galaxies. For all the
objects, we have built radio spectra and estimated radio spectral indices. As
a result, we obtain @ = —0.6089 *+ 0.056(aseyfert = —0.6013 + 0.027, @pNErR =
—0.5955 + 0.025, app = —0.6672 = 0.039, acomp. = —0.7128 * 0.043). We
discuss the radio properties of active galaxies based on their radio spectral

indices.
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1 | INTRODUCTION

In terms of activity, most of the galaxies in the Universe
are considered “normal”, without any prominent activity
manifestation. Normal galaxies have total luminosities up
to about 10" x Lgy,. For example, all galaxies in the Local
Group (including the Milky Way and Andromeda Galaxy)
are normal ones. In the spectra of normal galaxies, we
observe the sum of spectra of all the stars the galaxy con-
tains. The luminosity of normal galaxies does not change
much in short periods of time.

Active galaxies are among the most interesting objects
in the Universe. They have higher luminosities than nor-
mal galaxies. It is important that active galaxies have
brighter nuclei than normal ones. In these galaxies, large
amounts of energy are obtained from such small areas
as the galactic nuclei. A massive or supermassive black

AGN, LINER, QSO, radio galaxy, radio spectral index, Seyfert

hole is considered to be present in the center of each
of these galaxies. Some active galaxies have gigantic jets
in optical and, more often, in radio ranges. The lumi-
nosity of an active galaxy can change twice and even
more times during a short period of time, for instance,
some active galaxies show variability during a period of a
few days.

Active galaxies are of different types: radio galaxies,
Seyfert galaxies, quasars, blazars, low-ionization nar-
row emission-line regions (LINERs), and others. Radio
galaxies are elliptical galaxies. All galaxies radiate some
radio waves. In case of normal galaxies, radio emis-
sion corresponds to a small fraction of the total energy
radiated by the galaxy. The energy for radio galaxies radi-
ated at radio wavelengths is 0.1-10 times more than the
energy radiated at visible wavelengths. Seyfert galaxies
were discovered by Carl Seyfert (1943). These galaxies
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have broad emission-line spectra indicating cores of hot,
low-density ionized gas. The “typical” members of the
class (Seyfert 1 and 2) were described by Khachikian &
Weedman (1971, 1974).

This work is dedicated to radio properties of active
galaxies. In the radio range, radio spectra of these objects
are very interesting. The radio emission of a distant galaxy
consists of thermal and synchrotron contributions. The
thermal emission is radiation from HII regions, while the
nonthermal synchrotron emission is generated by Super-
nova remnants (Biermann 1976; Blandford & Konigl 1979;
Condon 1992; De Young 1976), as well as by the core.
These emission components are characterized by dif-
ferent spectral indices, and therefore, the total spectral
index depends on their relative contributions. The radio
spectral index is a powerful probe for classifying cosmic
radio objects and understanding the origin of the radio
emission.

To understand physical properties of some active galax-
ies, we have built radio spectra for our objects (spectral
energy distribution) and estimate radio spectral indices
(Hawkins 2002; Ulrich 1999). A radio spectral index is
the most important property of radio sources in the radio
range.

There are many papers devoted to radio investi-
gation of active galaxies. Below, we present some of
the recent works, which we have used and made
comparisons with.

Tiwari (2019) computed the radio spectral index from a
catalog of about half a million common sources in 1.4 GHz
NRAO VLA Sky Survey (NVSS) and TIFR giant metrewave
radio telescope (GMRT) Sky Survey.

Michal Zajacek et al. (2019) were able to infer
the two-point radio spectral index distributions for
star-forming galaxies, composite galaxies (with a com-
bined contribution to the line emission from the
star-formation and AGN activity), Seyferts, and LINER
galaxies.

Gasperin et al. (2017) made the radio spectral index
catalog and radio spectral index map public.

Rocco Coppejans et al. (2017) presented new multifre-
quency GMRT observations v < 1 GHz of eight 7> 4.5 very
long baseline interferometry sources.

Laing and Bridle (2013, 2014) presented accurate, spa-
tially resolved imaging of radio spectra at the bases of
jets in 11 low-luminosity (Fanaroff-Riley I) radio galax-
ies, derived from very large array (VLA) observations, and
estimated radio spectral indices.

Abrahamyan et al. (2014) investigated the radio sources
in the 7C II field and estimated radio spectral indices for
26 radio sources.

In this work, we have investigated 198 active galaxies,
which also have activity in the radio range.

TABLE 1
types, excluding quasars

Active galaxies in VCV-13 by activity
Activity type Number
Seyfert 23,258

Low-ionization narrow emission-line region 907

HIT 167
Unk. 9,899
Total 34,231

2 | INVESTIGATED DATA

We use data from the Véron-Cetty & Véron (2010) catalog
(VCV-13). This catalog includes 133,336 quasars, 1,374 BL
Lac objects, and 34,231 active galaxies (including 16,517
Seyfert 1.0). We have considered 34,231 active galaxies for
our research. More information on these objects is given in
Table 1.

The VCV-13 catalog was published by Véron-Cetty &
Véron in 2010. It is a unique catalog that includes objects
having active galaxy types. Active galaxies collected until
2010 are given. After that, no similar catalog that included
active galaxies was published. Souchay et al. (2019) created
the LQAC-5 catalog, which included all quasars discovered
by all surveys, but it comprised only those active galaxies
that were given in VCV-13. So far, we have the list of active
galaxies from VCV-13.

For investigation, galaxies with magnitudes in the
range of 12 —19™ have been taken. In the next step,
we have cross-correlated (Abrahamyan et al. 2015) these
objects with radio catalogs: FIRST (Helfand et al. 2015),
NVSS (Condon et al. 1998), 87GB (Gregory & Con-
don 1991), GB6 (Gregory et al. 1996), 3C (Edge et al. 1959),
4C (Pilkington & Scott 1965), 7C (Hales et al. 2007), 8C
(Hales et al. 1995), 9C (Waldram et al. 2003), 10C (Con-
sortium et al. 2011), SUMSS (Mauch et al. 2003), WISH
(De Breuck et al. 2002), WENSS (de Bruyn et al. 1998),
Molonglo Reference Catalogue of Radio Sources (Large
et al. 1991), Texas Survey of radio sources at 365 MHz
(Douglas et al. 1996), Miyun 232MHz survey (Zhang
et al. 1997), CLASS survey of radio sources (Myers
et al. 2003), 74MHz VLA Low-frequency Sky Survey
Redux (Lane et al. 2014), and the GMRT 150 MHz all-sky
radio survey (Intema et al. 2017).

As a result, we have 4,437 objects that have been
radio-identified (Table 2).

As seen from Table 2, 4,437 objects have 1-10 radio
fluxes at different wavelengths. In this work, radio catalogs
that cover the 38 MHz to 15.7 GHz frequency range have
been used. For our investigation, we have taken objects
that have six or more radio fluxes at different wavelengths.
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TABLE 2 Number of identifications TABLE 4  Activity type of active galaxies with our
for active galaxies new classification
Identification Activity type Number Percentage
number with Number of
radio catalog objects Seyfert 112 56.7
10 6 Low-ionization narrow 47 23.7
emission-line region

9 10

HII 8 4.0
8 33

Composite 21 10.6
7 58

AGN 4 2.0
6 91

Em 5 2.5
5 116

Abs 1 0.5
4 139

Total 198 100.0
3 361
2 629
1 2,994
Total 4437 and have carrlefi out new classification (Abrahamyan

et al. 2020, submitted).
We have used several methods to classify our spectra
TABLE 3 Activity types of active galaxies (using (Mickaelian et al. 2018):

VCV-13, BZCAT v.5, SDSS DR15, and NED catalogs)

Activity type Number Percentage

Seyfert 157 79.3

Low-ionization narrow 25 12.6
emission-line region

HII 4 2.0

AGN 8 4.0

Unk. 4 2.0

Total 198 100.0

With six and more radio fluxes, there is an opportunity to
better understand some physical properties in radio. So, we
have 198 objects with six or more radio fluxes.

3 | OPTICAL CLASSIFICATION

In order to understand some physical properties of active
galaxies, we must see what activity type they have.
Using the catalog VCV-13 (Véron-Cetty & Véron 2010),
SDSS DR15 (Aguado et al. 2019), BZCAT v.5 (Massaro
et al. 2015), and NED, we identify the activity types our
objects have. In Table 3, we can see that 79% of these
objects are Seyfert galaxies.

In Table 3, we have given only the information on
the classification that our sources used until this work.
Using the SDSS DR15 (Aguado et al. 2019) catalog, we
have 96 spectroscopic identifications from our 198 sources

e With the eye (taking into account all features and
effects).

e By diagnostic diagram using [OIII]/Hy and [OI]/H,
ratios (Reines et al. 2013),

e By diagnostic diagram using [OIII]/H; and [NII]/H,
ratios (Reines et al. 2013),

e By diagnostic diagram using [OIII]/Hg and [SII]/H,
ratios (Reines et al. 2013),

e Using the first, second, and third diagnostic diagrams
simultaneously.

Classification with the eye has been carried out in
comparison with the classification by diagnostic diagrams
because not all the objects appeared on them. Roughly,
we have distinguished Seyferts from LINERs by the cri-
teria: [OIII]/Hz; >4 and AGN from HII by the crite-
ria [SII]/H, > 2/3, [OI]/H, > 0.1 (Mickaelian et al. 2018;
Reines et al. 2013).

So, 85% of 96 objects changed classification (Abra-
hamyan et al. 2020, submitted). Table 4 presents our new
classification.

As a result, using Table 4, we can see that 56.7% of
these objects are Seyfert galaxies, and 10.6% are Com-
posite and have spectra close to Seyfert galaxies. Before
our classification, four objects did not belong to any type
(Table 3). Having spectra from SDSS, we have carried out
classification for all the objects (Table 4).

In Figure 1, we have built redshift distribution for all
active galaxies, Seyfert, LINER, HII, and Composite. Dis-
tribution of redshift for AGN, Em, and Abs has not been
demonstrated as we have small numbers of these types
of galaxies (Table 4). The top curve (black line) shows
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FIGURE 1 Distribution of redshifts

the sum of all types of galaxies in the figure (included
Seyfert, LINER, HII, Composite, AGN, Em, and Abs).
Above z ~0.33, there are not only HII but also AGN, Em,
and Abs.

Using Figure 1, we can see that our objects have red-
shifts in the range of 0.001-0.418. In this distribution,
the number of objects increases from 0.075 to 0.0175 red-
shifts. However, the number of objects that condition this
increase is very small (five objects) and, hence, has been
neglected.

4 | ABSOLUTE MAGNITUDE AND
LUMINOSITY

Aiming at understanding some optical properties and the
way they can be connected with radio properties, we have
computed absolute magnitudes and luminosities for our
objects (Abrahamyan et al. 2019). For our absolute mag-
nitude computation, we have used V-band from VCV-13
(Véron-Cetty & Véron 2010) and taken redshift from
SDSS DR15 (Aguado et al. 2019) if there is spectroscopic
identification.

We have counted absolute magnitudes for our active
galaxy using Formula (1) (Véron-Cetty & Véron 2010).

M=m+5-5xLogD - f(z) + Am(z) €))

where D (Formula 2) is the luminosity distance as defined
by Riess et al. (2004):

cx (1
_ex@+z)
Hy

D / [QA+2)°%XQu+ Q] %dz  (2)
0

zis the redshift, f(z) = —2.5 x log(1 + z)! ~* the f(z) cor-
rection, and Am(z) is a correction to f(z) considering that
the spectrum of quasars is not strictly a power law of the
form S ~97* (a = 0.3, Véron-Cetty & Véron 2010).

The following values have been taken for the cosmo-
logical constants in the calculations (Aghanim et al. 2018;
Zhang & Qing-Guo 2018): Qy = 0.29, Q) = 0.71,
Hy =71 kmxs™!/Mpc.

Having absolute magnitude, we have counted the lumi-
nosities using Formula (3) (Abrahamyan et al. 2019).

L =Lg x2.512Mo™M 3)

where Ly and Mg are luminosity and absolute magnitude
of Sun, respectively (Lo = 3.83 x 103 erg/s, Mg = 4.83).

In Table 5, we give average luminosity and absolute
magnitude for our active galaxies.

Having absolute magnitude, we have built the
dependence of absolute magnitude on redshift graph
(Figure 2).

In Figure 2, we can see that, on average, LINERs are
closer than Seyferts, and Seyfert galaxies are brighter than
LINERs on average (Table 5). LINER is a type of galactic
nucleus that is defined by its spectral line emission (Heck-
man 1980). The spectra typically include line emission
from low ionization or neutral atoms.

Having information on magnitude from SDSS DR15
(Aguado et al. 2019), we have built color-magnitude and
color—color diagrams for our objects (Figures 3 and 4).

TABLE 5 Absolute magnitude and luminosity
Average Absolute Average absolute
Types Luminosity range (erg/s) luminosity (erg/s) magnitude range magnitude
Seyfert 5.01 x 10*2 +8.38 x 10* 8.08 x 10*3 -17.98 + —23.52 —20.98
Low-ionization narrow  1.78 x 10*? +3.46 x 10* 4.20 x 104 —16.84 + —22.56 —20.27
emission-line region
HII 7.23x 102 +1.87 x 10% 3.91x10% —-18.36+ —21.89 —-20.13
Composite 2.17 x10* +1.21 x 10% 4.48 x 10% —19.55+ —21.42 —20.34
All 1.78 x 10*? = 8.38 x 10% 5.75x10% —16.84 + —23.52 —-20.61
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5.1 | Radio spectral index
Active galaxies are very interesting objects in the Uni-
verse. In order to understand some physical properties, we
must identify which properties our objects have in radio
range. We have 198 active galaxies with six or more radio
fluxes at different wavelengths. A very important radio
property for radio objects is the radio spectral index. It
shows steep radio spectra. Using six or more frequencies,
we have developed a graph for all 198 galaxies (Ig[flux] vs.
lg[frequencies]). Using an Ig[flux] versus Ig[frequencies]
graph for each source, we have made linear fitting. The
software “Origin” gives the formula for each linear fit,
and using that, we have measured the radio spectral index
for each source. The plot shows steep radio spectra for
each line, and that is considered radio spectral index. As
examples, we give average radio spectra for our objects in
Figure 5.

In Figure 5, average radio spectra for different types
of our objects are given. These average spectra are
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FIGURE 3 Color-magnitude diagrams

normalized by the Texas Survey, and the scale is fitted to
average the radio spectra of Seyfert galaxies. It is obvious
that HII and Composite, on average, have steeper radio
spectra than Seyferts and LINERs (Table 7).
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r-i Using information from Table 7, we can see that Seyfert
FIGURE 4  Color-color diagrams galaxies and LINERs have the same radio spectra on aver-

age, but HII has steeper radio spectra than Seyferts and
LINERs. In fact, we have investigated the low-frequency
radio range, mostly lower than 1,420 MHz. That is why HII
regions show steeper radio indices compared to Seyferts
and LINERs.
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TABLE 6 Information of radio spectral indices, absolute magnitude, and luminosity (for 30 objects, all tables are given in
VIZIER)
Activity Activity Absolute L (erg/s) Radiosp. Radio sp.
N RAJ2000deg DEJ2000deg Redshift typeold typenew  magnitude x10% index index (error)
1 005.305000 —19.178889 0.095 Syl1.9 Syl1.9 —-20.84 7.127 —0.6561 0.052
2 006.673750 35.145278 0.333 Sy2 Sy2 —21.16 9.578 —0.37027 0.033
3 007.139167 00.919444 0.104 Sy2 S2.0/LINER -19.85 2.865 —0.87907  0.035
4  007.841667 30.266944 0.2 Syl Syl —21.08 8.835 —0.52622  0.047
5 010.200833 —20.727500 0.092 Sy Sy —21.28 10.647 —0.34856  0.045
6  010.210833 10.057778 0.188 Syl Syl —20.66 6.034 —0.68925 0.034
7  011.145417 12.186389 0.226 Syl Syl —20.50 5.185 —0.76769  0.046
8  011.888333 —25.288056 0.001 Sy Sy —18.00 0.502 —0.14928  0.033
9  012.196667 31.956944 0.014 Sylh/BZG Sylh/BZG -19.24 1.633 —0.23939  0.031
10 014.004167 68.375278 0.184 Sy2 Sy2 —20.93 7.739 —0.68569 0.041
11 014.454583 30.353056 0.016 LINER LINER —21.62 14.576 —-0.32732 0.043
12 015.523750 14.723611 0.188 Sy2 S2.0/LINER —20.30 4.331 —0.72183  0.058
13 025.491250 39.391667 0.08 Syl/BZU Sy1l/BZU -21.64 14.797 —0.33153  0.031
14 025.579167 13.462778 0.267 Syl S1.5 —21.22 10.099 —0.83292  0.050
15 027.067917 00.329167 0.092 Syl S1.9/LINER —-20.07 3.493 —0.59974  0.036
16 031.759583 29.512778 0.111 Syl1.8 Syl1.8 —21.35 11.395 —0.65316  0.046
17 035.226250 —01.947500 0.173 Sy2 Sy2 —-21.21 9.971 —0.85782  0.043
18 035.798333 42.992500 0.021 Syl Syl —19.89 2.965 —0.82192 0.074
19 035.802917 86.320556 0.184 Sy2 Sy2 —-20.12 3.670 —0.95187 0.076
20 036.261667 —23.213333 0.23 Syl Syl —21.03 8.459 —0.85423  0.060
21 036.364167 37.174444 0.033 Sy/BZG Sy/BZG -21.65 14.989 —0.31915 0.054
22 041.579167 —30.274444 0.004 LINER LINER —18.35 0.719 —0.46073  0.051
23 042.899583 43.253333 0.051 LINER LINER -19.21 1.587 0.2206 0.029
24 045.426667 35.205833 0.016 LINER LINER —21.35 11.367 —0.45459  0.032
25 045.716250 —18.406667 0.089 Sy2 Sy2 -20.21 3.986 -0.61696  0.037
26 047.109167 04.110833 0.029 Syl Syl —21.49 12.897 —0.43542  0.057
27 047.500833 17.099444 0.256 Sy2 Sy2 -20.97 7.998 —0.83648  0.092
28 048.110833 39.275000 0.161 Sy1.0 Sy1.0 —20.67 6.089 —0.68189  0.075
29 048.258750 41.333611 0.136 Sy1/BZU Syl/BZU —20.55 5.438 —0.11655 0.023
30 049.950833 41.511667 0.017 Syl.5/BZU Syl1.5/BZU —21.77 16.732 —0.09794 0.020

Abbreviation: LINER, low-ionization narrow emission-line region.

Figure 7 shows graphical dependence of radio spec-
tral index on redshift. In this figure, distant objects have
steeper radio spectra than the near ones.

5.2 | Radio spectral index dependence
on physical size

Tiwari (2019) presented the dependence of radio spectral
index on angular size in his work. The size is defined as

\/E (in arcsec), where a and b are the major and minor
axes of the Gaussian fit, respectively.

Using redshift information, we have estimated physical
sizes for our objects. Using the formula tan(6/2) = x/2D,
where 6 is the angular size of the object on the sky, “x”
is the physical size of object, and “D” is the distance to
the object (Formula 2), we have calculated “x” physical
size for each object. For 6, the major axes of objects have
been taken from catalog automated plate measurement
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Al TABLE 8 Physical sizes of active galaxies
4 Sy Range of Average RMS
—— LINER LD q 5

HIl Activity type sizes (kpc) size (kpc) (kpc)

30 — Comp. Seyfert 2.39:305.46 44.88 35.62

*g' Low-ionization 7.36+190.19 50.15 36.14

8w narrow emission-line
region
HII 5.4+116.35 46.81 33.81
10
Comp. 22.27+107.51 50.23 22.46
o All 2.39+305.46 46.97 32.26
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Radio spectral index 116.35 kpc. With the purpose of calculating the average
o ) o size and drawing other comparisons, we have excluded
FIGURE 6 Distribution of radio spectral indices this object.
] o Therefore, using physical sizes, we have developed
TABLE 7  Average radio spectral indices for

different types of active galaxies

Activity type Average radio spectral index
Seyfert —0.6013 £0.027
Low-ionization narrow  —0.5955 % 0.025
emission-line region
HII —0.6672 £ 0.039
Composite —0.7128 +0.043
All —0.6089 +£0.056
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FIGURE 7 Radio spectral index versus redshift

(McMabhon et al. 2000). In Table 8, information on physical
sizes is given.

We have eight objects that have HII activity. For these
sources, we have also estimated physical sizes, and for one
of them, we have obtained very big physical size (832.2
kpc) compared to the other HII objects, which are up to

the dependence of radio spectral index on physical size
(Figure 8).

Using Table 8 and Figure 8, we state that objects of var-
ious activity types statistically have the same average sizes.

However, due to the small number of objects, this result
is statistically not substantiated; hence, we need further
studies using a greater numbers of objects to follow the real
differences in distributions of physical sizes for different
types of active galaxies.

6 | RESULTS

Currently, we wish to understand what radio properties
active galaxies have. For that reason, we have created a list
of radio objects that have 12" — 19™ magnitudes, and each
object has six or more radio fluxes at different wavelengths.
With this method, we have distinguished 198 active galax-
ies. Using that, we have estimated radio spectral indices for
all the objects.

Similar work was carried out by Abrahamyan
etal. (2014). The authors investigated 7C (Hales et al. 2007)
catalogs and separated 26 radio galaxies, as well as
estimated radio spectral indices of those objects. We
have compared our list to the list proposed by Abra-
hamyan et al. (2014). As a result, the objects have not
been identified. In the mentioned work, the average
radio spectral index for radio galaxies had « = —0.806,
which is a little different from our present results. In
this work, radio objects have been selected by another
method; errors are not estimated, and they have redshifts
uptoz=3.

Laing & Bridle (Laing & Bridle 2013) presented accu-
rate, spatially resolved imaging of radio spectra at the
bases of jets in 11 low-luminosity (Fanaroff-Riley I) radio
galaxies, derived from VLA observations. The Authors
showed images and profiles of the spectral index over the
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frequency range 1.4-8.5 GHz, together with values inte-
grated over fiducial regions defined by relativistic models
of the jets. The mean spectral indices given by the authors
is 0.66 +£0.01. We have compared our result to those of
Laing & Bridle (Laing & Bridle 2013), and they appear to
be similar.

So far, we have given some new results for properties
of active galaxies:

e Of our 198 active galaxies, 56.7% are Seyfert galaxies.

e Using SDSS DR15, we have 96 objects that have spec-
tra. We have classified these sources, and as a result, 85%
of these objects changed their classes.

e We have estimated average absolute mag-
nitudes and luminosities (Table 5) for 198 active
galaxies (MSeyfert = —20.98, MLINER = -20.27, MHII =
~20.13, Mcomp. = —20.34, Lseyert = —8.08 X 10 erg/s,
Lingr = 4.20 x 104 erg/s, Ly = 3.91 x 10% erg/s,
Lcomp. = 4.48 x 10% erg/s).

e In color-magnitude and in color-color diagrams
(Figure 4), LINERs stand out from Seyfert galaxies.

e We have built radio spectra and estimated radio spec-
tral indices for 198 active galaxies (a = —0.6089+0.056,
Aseyfert = —0.6013%0.027, arvgr = —0.5955+0.025, aun =
—0.6672+0.039, acomp. = —0.7128+0.043). Using informa-
tion from Table 7, we can note that, on average, Seyferts
and LINERs have the same radio spectra (on average),
whereas HII has steeper radio spectra than Seyferts and
LINERs.

e We have created dependence of radio spectral
index on redshift (Figure 7). In this figure, objects
that are far have steeper radio spectra than the nearby
objects.

e We have estimated physical sizes (the average physi-
cal size = 46.97 + 32.26 kpc) for our objects. Using Table 8
and Figure 8, we can state that objects of various activity
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types statistically have the same average sizes. However,
due to small number of objects, this result is statistically
not substantiated; hence, we need further studies using
bigger numbers of objects to follow the real differences in
distributions of physical sizes for different types of active
galaxies.
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