ISSN 1063-7737, Astronomy Letters, 2014, Vol. 40, No. 10, pp. 606-614. (© Pleiades Publishing, Inc., 2014.
Original Russian Text © D.I. Solovyov, O.V. Verkhodanov, 2014, published in Pis’ma v Astronomicheskii Zhurnal, 2014, Vol. 40, No. 10, pp. 671-680.

Radio Galaxies with Signatures of Merging from the List of Giant Radio
Galaxy Candidates Based on NVSS Data

D. I. Solovyov! and O. V. Verkhodanov?”

ISpecial Astrophysical Observatory, St. Petersburg Branch, Russian Academy of Sciences,
Pulkovo, St. Petersburg, 196140 Russia

?Special Astrophysical Observatory, Russian Academy of Sciences, Nizhnii Arkhyz,
Karachai-Cherkessian Republic, 369167 Russia
Received April 7, 2014

Abstract—Eight radio sources with signatures of interacting galaxies have been detected within the
framework of the project aimed at expanding the list of giant radio galaxies based on NVSS data. The
objects have a nontrivial structure in the radio band: four sources exhibit an S-shape, three sources exhibit
an X-shape typical of sources at the final stage of radio galaxy merging, and one radio galaxy has a
double nucleus. Using the CATS, NED, and SkyView databases, we have made the optical and radio
identifications of these objects and constructed their continuum radio spectra.
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1. INTRODUCTION

All-sky surveys and open access to archival data
allow one to increase the sample and to study the
objects of rare morphological types. Several compar-
atively rarely encountered classes of objects, whose
samples should be increased to investigate the pop-
ulation properties, can be identified among the ra-
dio galaxies. These include giant radio galaxies, S-
and X-shape radio sources, radio galaxies with a
submillimeter excess, gravitational lenses, and other
objects. The presence of an intense radio emission in
radio galaxies is a signature of galaxy merging, which
triggered the quasar activity inside the stellar system.
The morphology of radio galaxies allows the various
activity stages of objects caused by the merging of
galaxies and their nuclei to be investigated. One of
the observed consequences of the merging process is
the precession of the spin axis of the supermassive
black hole and the associated jet. This is reflected in
the morphological properties of the radio source and
manifests itself, for example, as the so-called S-shape
of the jet (Wirth et al. 1982; Hunstead et al. 1984;
Cotanyi 1990; Sparke and Gallagher 2000; Young
et al. 2005). Therefore, expanding the sample of radio
objects with S-morphology is extremely important
for analyzing the various stages of active nucleus
merging.

* .
E-mail: vo@sao.ru

The X-shape radio galaxies, whose radio bright-
ness distribution in the extended components is not
aligned along a single axis but represents the pairs
of jets arranged at a comparatively large angle to
each other, have a special status among the active
objects in the merging process. The number of known
objects of this morphological type is ~150 (Leahy
and Williams 1984; Leahy and Parma 1992; Pringle
1996; Murgia 2001; Merritt and Ekers 2002; Wang
et al. 2003; Liu 2004). Despite the complexity of
their shape, such radio galaxies are mostly classified
as FR I radio sources (Fanaroff and Riley 1974 ) and
are identified with giant elliptical galaxies. As a rule,
the X-shape radio galaxies have two pairs of widely
separated extended components. The active compo-
nents with a high surface brightness and the so-called
“wings” with a lower surface brightness produced by
emission from the plasma ejected along the axis of the
other jet that does not coincide with the main one are
identified in these pairs. According to observational
data, the wings often have a larger spectral index and
a high degree of polarization (Wang et al. 2003).
Leahy and Parma (1992) suggested that the wings
are produced during an early outburst of renewed ac-
tivity of the nucleus, when the jet axis precesses; they
noted that the low surface brightness of the wings,
their steep radio spectrum, and the high degree of
polarization could be explained in this way. One of the
most popular present-day explanations of the nature
of X-shape radio galaxies (below referred to as X-RG)
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is the interaction and merging of two supermassive
black holes (SMBHs), which leads to a rapid change
in the inclination of the spin axis of the central ob-
ject and, as a consequence, the jet ejection direction
(Merritt and Ekers 2002). As is shown in this paper,
the orientation of the jet axis for an accreting black
hole during the X-RG formation can change in a
relatively short time interval, <107 yr. The direction of
the SMBH spin axis can change rapidly even during
its merging with objects whose masses are lower by
an order of magnitude. In this model (Merritt and
Ekers 2002), the second black hole (BH) has a lower
mass and passes near the larger one at the center of
the radio galaxy during galaxy merging. As a result,
a binary system of BHs emitting gravitational waves
is formed. During the coalescence of the objects and
the absorption of the orbital angular momentum of
the smaller object, the direction of the spin axis of the
larger BH changes rapidly. Accordingly, the direction
of the ejected jets perpendicular to the spin axis of
the accretion disk, which, in turn, is perpendicular
to the BH spin axis, also changes. According to the
estimates by Merritt and Ekers (2002), even a small
BH with a mass of 1/5 of the larger one in the pair
can change the direction of the spin axis of the latter
by 90° during their merging.

Note that the main way to increase the sample of
S- and X-shape radio galaxies consists in investi-
gating the images of radio sources recorded in sky
surveys. In this study carried out within the frame-
work of the project aimed at expanding the list of
giant radio galaxies (GRGs), we detected eight new
radio sources with signatures of interacting galaxies
based on NVSS: three of them correspond to the X-
RG class, four belong to the morphological S type
whose S-shape is explained by the RG jet preces-
sion as a result of object merging, and one object
belongs to double active nuclei. Thus, among the
small class of GRGs and GRG candidates, there are
objects demonstrating various merging stages. The
GRG-class radio galaxies stand out among the radio
sources by their large sizes, which are of the order
of or more than 1 Mpc and are comparable to the
sizes of galaxy clusters. Of the order of 200 GRGs
with flux densities above 150 mJy at 1.4 GHz are
known to date. As a rule, GRGs belong to the FR I
morphological type (Fanaroff and Riley 1974) and
are identified in the optical band with giant ellipti-
cal galaxies and quasars. GRGs are considerably
less widespread than normal radio galaxies, which
complicates their statistical study. Several groups
(Schoenmakers et al. 2001, 2002; Lara et al. 2001,
2004; Saripalli et al. 2005; Konar et al. 2004, 2008;
Jamrozy et al. 2005, 2008; Machalski et al. 2006;
Komberg and Pashchenko 2009; Khabibullina et al.
2010, 2011a, 2011b) are involved in their study. As
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Jamrozy et al. (2005) pointed out, since the GRG
sizes are comparable to or even larger than the sizes
of galaxy groups, the existence of GRGs can affect
significantly the environment.

Below, we describe new X—RG objects and S-
shape radio galaxies found in the list of GRG can-
didates compiled by analyzing the structure of faint
extended radio sources with angular sizes >4’ (Solo-
vyov and Verkhodanov 2011, 2014a, 2014b) based on
NVSS data (Condon et al. 1998). In Section 2, we
present the technique for preparing the primary list.
In Section 3, we describe the procedures and results
of the radio and optical identifications of objects. The
conclusions are presented in Section 4.

2. THE PROCEDURE FOR SELECTING
RADIO GALAXIES

We selected the radio galaxies—candidates for
objects with double active nuclei—based on NVSS
(NRAO VLA Sky Surveys) maps (Condon et al.
1998) from the preliminary list of GRG candidates
that contains 25 FR I sources and 30 FR II sources
in its primary version (Solovyov and Verkhodanov
2011). The NVSS covers 82% of the celestial sphere
(the entire sky north of 40° in declination) and has
a fairly high angular resolution. The NVSS catalog
contains ~1.81 million discrete objects at a frequency
of 1.4 GHz. The flux density limit for a resolvable
discrete source in the NVSS is 2.5 mJy. For objects
with a surface brightness >15 mJy, the resolution
accuracy is estimated to be <1”. The selected GRG
candidates in our list have higher flux densities. When
selecting the candidates for extended giant sources,
we assumed that they were at least two-component
objects whose extended radio components were re-
solved and classified in the NVSS catalog as sepa-
rate independent sources. When analyzing the cat-
alog, we used procedures from the CATS database
(Verkhodanov et al. 2005, 2009). The algorithm of
searching for double sources uses four parameters:

e the angular distance between the centers of the
sources d,

e the size of the source’s major axis a in the NVSS
catalog,

e the angle ¢ between the directions of the major
axes of the pair of objects being checked,

o the integrated flux density of the source S;.
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The selection procedure allows us to choose the
objects from the catalog that have extended struc-
tures elongated along a single line. The algorithm
parameters were specified within the range 4’ < d <
6, where the lower limit was chosen as the minimum
scale on which our data could be compared with
the highest spherical harmonics of the Planck CMB
map and the upper limit was set by the characteristic
distance between the extended components at a mean
number of such objects ~1000—1500 estimated from
the surface density of the already cataloged sources
(Verkhodanov et al. 2008). In addition, a standard
quadratic increase in the number of objects in the
field begins from d ~ 6’, which can lead to confusion
and to selection effects that are difficult to take into
account in the automatic procedure.

The angle between the major axes of the GRG
candidate sources was chosen to be ¢ < 10°. This
corresponds to the adopted alignment, for example,
when discussing the conditions for the coincidence of
the radio and optical axes in radio galaxies (Chambers
et al. 1987; Pariiskii et al. 1996).

For our analysis, we used the sources with the
sizes of the major and minor axes and the position
angle measured in the NVSS. In the preliminary
list, we included the objects (1) with ¢ < 10° and/or
(2) under the condition that the intersection of the ex-
tensions of the straight lines on which the semimajor
axes of the analyzed objects of the studied pair lay was
located at a distance from the sources than did not
exceed the separation between the objects. Such a
procedure allows us to identify the various morpho-
logically related objects that can distort the result of
the CMB component separation on the investigated
angular scales. The selected objects were visually
inspected to remove the erroneously chosen ones. For
this purpose, we used the internal novsscat NVSS
image request procedure from the FADPS system
(Verkhodanov 1997).

3. IDENTIFICATION

To check the identification and to search for the
host galaxy candidates, we used the databases of
optical surveys: the Digitized Palomar Sky Sur-
vey (DSS), the Space Telescope Science Institute
(STScl), and the catalogs of the 2MASS infrared
survey (2MASS Collaboration 2002; Cutri et al.
2002). In the radio identification, we used the CATS

database! (Verkhodanov et al. 2005, 2009a). In
calculating the spectral indices, we used the results
of the cross-identification in the CATS database with
a 180" x 180" identification window. To remove the
accidental field radio objects in a given box, we used

"http://cats.sao.ru
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a data analysis technique similar to that described in
Verkhodanov et al. (2000, 2009b). The essence of the
method consists in applying a joint analysis of the da-
ta in coordinate and spectral spaces for the selection
of probable identifications of specific radio sources at
various radio frequencies. For this purpose, we used
the spg code (Verkhodanov 1997b) from the RATAN-
600 continuum data processing system. In describing
the spectra S(v) for the subsequent calculation of
the spectral indices, we applied the parametrization
of S(v) by the formula log S(v) = A+ Bx + C f(x),
where S is the flux density in Jy, = is the logarithm

of the frequency v in MHz, and f(x) is one of the

following functions: exp(—x), exp(x), or x2.

The spectra were approximated when the flux den-
sity errors AS were specified in accordance with the
following rule: for v > 1.5 GHz, the error AS, was
set equal to 0.15,, at AS},““ < 0.1S, or equal to that
presented in the catalog at a lower measurement ac-

curacy; for v < 1.5 GHz, AS, = 0.155, at ASIMt <
0.15S, or equal to the initial one in the catalog at a
lower accuracy. This approach allows us to reduce the
influence (weight) of the low-frequency range of the
spectrum, where additional systematic effects related
to the large beam size of the radio telescope can
manifest themselves when estimating the flux density.

The spectrum approximation results for the ob-
jects are presented in the table. The columns of the
table give: (1) the IAU name including the coor-
dinates of the source and the components; (2) the
type of radio structure according to the classification
of Fanaroff and Riley; (3) the flux density in mJy at
1.4 GHz; (4) the angular size in arcmins and the
linear size in Mpc if the redshift is available; (5) the
infrared (1) optical (O), and X-ray (X) identifications;
(6) the redshift z; and (7) the continuum approxima-
tion function for the integrated flux density. Among
the main radio catalogs of the CATS database used
in constructing the spectra of the GRG candidates,
we will point out the following lists: 3C (Bennett
1962), PKS (Bolton et al. 1964), 4C (Pilkington and
Scott 1965), NVSS (Condon et al. 1998), Culgoora
(Slee 1995), Texas (Douglas et al. 1996), FIRST
(Becker et al. 1995), WISH (De Breuck et al. 2002),
WENSS (Rengelink et al. 1997), GB6 (Gregory
et al. 1996), the UTR catalog of deblended objects
(Verkhodanov et al. 2003), 6C (Baldwin et al. 1985),
7C (McGilchrist et al. 1990), 8C (Hales et al. 1995),
VLSS (Lane et al. 2012), PMN (Griffith et al. 1994),
SUMSS (Mauch et al. 2003), B2 (Colla et al.
1970), and MRC (Large et al. 1991). The inte-
grated continuum radio spectra of the identified ob-
jects constructed from multifrequency measurements
are shown in Fig. 1.

ASTRONOMY LETTERS Vol.40 No. 10 2014
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Radio galaxies with signatures of merging from the list of GRG candidates detected by the method of comparing of the
components’ axes

Name Type S1.4, mJy Size, /Mpc XIO z Spectrum
J005744.4+302156 S, FRI 586.8 8.4/0.17  XIO  0.0165 3.155 — 1.2962 + 0.12022
J010725.4+322439 S, FRI 915.5 11.1/0.24  XIO  0.0170 2.687 — 0.640x
J015756.3+020950 X, FRII 350.3 8.7/ 10 3.845 — 1.326x
J015745.3+021004 163.5
J015807.4+020934 186.8
J031821.9+682932 X, FRII 323.4 17.1/1.74 10 0.0901 3.581 — 1.222x
J031747.1+682508 171.2
J031802.4+682713 152.2
J065122.5+193713 P, FRI/II 244.7 7.7/— 10 —2.581 + 2.612z — 0.562>
J065114.6+193615 71.3
J065130.5+193811 173.4
J115909.1+582041 S, FRII 147.8 6.7/0.42 10 0.0537 0.491 — 0.0012 — 0.038¢”
J154901.7-321747 X, FR1/II 836.6 9.2/1.11 — 0.1082 1.302 — 0.046¢*
J154854.8—321557 389.3
J154908.6—321938 447.3
J210138.4—280158 S, FRI/II 2672.1 6.7/0.31 10 0.0397 3.288 — 0.812x
J210139.5—280321 2054.6
J210141.2—275830 707.5

The columns of the table give the IAU names of the sources including the object coordinates, the type of radio structure according to
the morphological signatures of interaction (S, X, or P (pair)) and according to the classification of Fanaroff and Riley, the flux density
in mJy, the angular and linear (if the redshiit z is known) sizes of the object, identification (X-ray (X), infrared (I), optical (O)), z, and
the radio spectrum approximation curve.

ASTRONOMY LETTERS Vol.40 No.10 2014
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Fig. 1. Continuum radio spectra of the objects based on the identifications in CATS. The scale along the axes is logarithmic.

The structure of the radio galaxies is shown in
Fig. 2. Theimages were constructed using the NVSS
1.4-GHz maps.

Comments to the Sources

The optical and infrared identifications of the
GRG candidates were made by using the NED?

(NASA/IPAC Extragalactic Database) and SkyView?
databases and virtual observatories, which provide
the tools for comparing the maps in different wave-
length ranges. The optical and infrared identifications
of the central object were made for the centroid of the
integrated radio image. Below, we discuss the results
of these identifications for objects in the databases
as well as on the optical, infrared, and submillimeter
maps.

J005744.4+302156. An FR I radio source with
a characteristic brightness decline from the center to
the edges of the structure and a high-contrast radio
jet; it is identified in the optical band with the ellipti-
cal galaxy NGC 315 with an apparent magnitude of
11m2. The radio source is present on the 100-GHz
Planck map (Fig. 3). According to the results of its
optical identification, the object has a linear size of
~170 kpc, which excludes it from the GRG list.

J010725.4+322439. An FR I radio source with a
characteristic radio brightness decline from the center

2 hitp://nedwww.ipach.caltech.edu
3 http://skyview.gsic.nasa.gov

to the edges of the structure; a multiple bending of the
radio structure corresponding to the characteristic
S-shape is observed. It is cataloged as 3C 31 and
4C+32.05. The host galaxy is NGC 383 (12m14).
Details of the structure are also seen on the Planck
maps at 100 GHz and on the CMB map (Fig. 4).
According to the results of its identification, the object
has a linear size of ~240 kpc, which excludes it from
the GRG list.

JO015756.3+020950. A dumbbell-shaped FR II
radio galaxy with a slightly fragmented structure
closer to its center. Faint wings corresponding to
X-morphology are observed at the center of the radio
source. APMUKS BO015517.564+015518.5 (B =
20m08) is a candidate for identification on the DSS
image.

J031821.9+682932. An FR II radio galaxy
with clearly separated radio components, one of
which is brighter than the other. The brighter
component closer to the center has a perpendicular
small structure as one of the X-RG wings. The
object is identified with the Seyfert galaxy 2MASX
JO3181899+6829322. According to the results of
its identification, the object has a linear size of
~1.74 Mpc, which confirms its classification as GRG.

J065122.5+193713. A radio galaxy with ex-
tended radio components elongated in the same di-
rection (in the northeast in the equatorial coordinate
system), with hot spots being present at their begin-
ning. The structure of the object is typical of sources
moving in the gas of a galaxy cluster. [t is identified
with the source 2MASX J06513590+1935513 (V' =

ASTRONOMY LETTERS Vol.40 No. 10 2014
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Fig. 2. Structure of the radio galaxies with signatures of interaction. The images were constructed using the NVSS 1.4-GHz

maps.

15™m5) located at the center of gravity between the hot
spots. At 10" to the southeast, there is the double
source J065109.6+192852/J065112.14-192616 with
extended components directed oppositely to the com-
ponents of J065122.5+193713.

J115909.1+582041. An FR II radio galaxy with
an indistinct dumbbell shape. Faint structures em-
anate from the radio components in opposite direc-
tions, which may suggest the rotation of the radio
galaxy nucleus. The probable identification is CGCG
292-05 (B = 15™m7).

J154901.7—-321747. An FR II radio galaxy; it

ASTRONOMY LETTERS Vol.40 No.10 2014

has a dumbbell shape typical of its class, except for
the presence of yet another smaller extended struc-
ture crossing the center at an angle and having a
decreasing radio brightness distribution with FR L.
[t can be classified as the separate “X” type. It is
cataloged as PKS 1545-321. According to the results
of its identification, the object has a linear size of
~1.11 Mpc, which confirms its classification as GRG.

J210138.4—280158. An FR I radio source with
a strongly bent radio structure with two prominent
spots arranged symmetrically relative to the center.
It has a typical spiral S-shape, is cataloged as
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~269 uK

+122 uK

Fig. 3. The field centered on the radio galaxy J005744.4+302156 on the Planck map with the source. The observational data
are at 100 GHz. The field size is 30" x 30’. The right ascension and declination are long the horizontal and vertical axes,
respectively. The position of the radio galaxy is marked by the circle.

—286 uK

+17.9 uK -173 uK

+83 uK

Fig. 4. The field centered on the radio galaxy J010725.44-322439 on the Planck maps with the source: (a) the observational
data at 100 GHz and (b) the CMB data. The field size is 30" x 30’. The right ascension and declination are long the horizontal
and vertical axes, respectively. The position of the radio galaxy is marked by the circle.

PKS 2058-282, and is identified with NGC 6998
(an apparent magnitude of 14*2). According to the
results of its identification, the object has a linear size
of ~310 kpc, which excludes it from the GRG list.

4. CONCLUSIONS

We presented the results of our search for and
identification of eight radio galaxies with signatures
of interaction from the list of giant radio galaxy
candidates. The candidates were selected by the
method of comparing the axes of the components
in the “unassociated” NVSS radio sources with a
separation larger than 4’ (Solovyov and Verkhodanov
2011). For our study, we selected objects with a
complex morphology. Among them, there are four
objects that can be classified as S-shape radio galax-
ies (J010725.4+322439 and J210138.4—280158
have the most characteristic shapes). Three radio

sources, J015756.34+-020950, J031821.94-682932,
and J154901.7—321747, were classified as X-shape
radio galaxies representing a rather small but in-
teresting group of radio sources with a hypotheti-
cally possible rapid change in the spin axis of the
central object after the merging of the host galaxies
and their nuclei. One of the double radio sources
(J065122.5+193713) has a structure with aligned
extended components suggesting a possible blow of
the radio source by the cluster gas.

The identification was made in the optical, in-
frared, submillimeter, and radio bands. The response
from the host galaxies of two radio objects is observed
on the CMB maps, introducing an additional signal
into these data.

Almost all radio galaxies exhibit a steep contin-
uum spectrum constructed from the integral data
in a wide radio frequency range. Two of the in-
vestigated radio galaxies (J005744.44+-302156 and

ASTRONOMY LETTERS Vol.40 No. 10 2014
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J010725.44-322439) are visible on the 100-GHz
CMB maps, with J010725.4+322439 being visible
not only on the maps of the original data channel but
also on the cleaned CMB map. For two sources,
J031821.94682932 and J154901.7—321747, we
confirmed their belonging to the class of giant radio
galaxies with a linear size >1 Mpc.

The detection of S- and X-shape galaxies us-
ing the developed technique of comparing the axes
demonstrated new possibilities of searching for ob-
jects with signatures of interaction. The develop-
ment of this technique and its inclusion in the the
searching procedure with an additional axis can help
in identifying new objects of this type. In addition, we
continue our work on the identification and analysis
of giant radio galaxies from the Planck millimeter and
submillimeter maps; its results will be presented in
our next publication.
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