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Abstract—1In this paper we study the relations between the main characteristics of groups and clusters of
galaxies using the archival data of the SDSS and 2MASX catalogs. We have developed and implemented
a new method of determining the size of galaxy systems and their effective radius which contains half
of the galaxies and not half the luminosity, since the luminosity of the brightest galaxy in a group can
account for over 50% of the total luminosity of the group. The derived parameters (log L, log R., and
log 0200) for 94 systems of galaxies (0.0038 < z < 0.09) determine the Fundamental Plane (FP), which,
with a scatter of 0.15, is similar in form to the FP of galaxy clusters obtained by Schaeffer et al. (1993) and
D’Onofrio et al. (2013) with other methods and for different bands. We show that the FP in the near-infrared
region (NIR ) for 94 galaxy systems has the form of Ly oc RO-70%0-1351-3440.13 '\whereas in x-rays it has the
form of—Lx oc RL:15%0:3952:56£0-40 The form of the FP for groups and clusters is consistent with the FP
for early-type galaxies determined in the same way. The form of the FP for galaxy systems deviates from the
shape that one would expect from virial predictions. Adding the mass-to-light ratio as a fourth independent
parameter has little effect on this deviation, but decreases the scatter of the FP for a sample of rich galaxy

clusters by 12%.
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1. INTRODUCTION

Dynamic and photometric properties of early-
type galaxies (projected central radial velocity dis-
persion o, effective radius R, and mean surface
brightness (I.)) form the so-called Fundamental
Plane (FP) [1=7]. The FP of galaxies has a signifi-
cantly lower scatter compared to the Faber—Jackson
relation [8] between the luminosity of a galaxy L
and the central radial velocity dispersion o for stars
and the Kormendy relation [9] between the surface
brightness of a galaxy L and its effective radius R,
obtained earlier. The FP for early-type galaxies is
usually written with regard to the effective radius R,
which depends on the distance to the object:

log R, = a logo + b log(l.) + c.

The coefficients a and b characterize the form of the
FP, and ¢ is the zero-point. The coefficient a usually
varies within the range of 1.1—1.56, and b—within
0.75—0.90 for different bands and various methods of
obtaining regression relations [10].

"E-mail: flera@sao.ru

Since log R, and log(I.) are determined by the
luminosity of the galaxies—(I.) = L/(2rR?), the
quantities log L, log o, and log R, also form a fun-
damental plane—L oc R o®. The type and form of
the FP depend on the method used to determine
these parameters and on the method used to calculate
the regression between them. As shown in [11], the
fundamental planes of all virialized objects (globular
clusters, galaxies, galaxy clusters) are similar in form.
If the studied galaxies are essentially virialized and
homological systems with identical correlations be-
tween mass and luminosity, thena = 2and b = —1[7]
or a =1 and g =2 [12]. However, the observed FP
coefficients differ from these values practically in
all bands. They exhibit a deviation (“tilt”), possibly
caused by structural inhomogeneity and properties
of the stellar populations of galaxies (including the
differences in M/L depending on the wavelength
range)[10], or, by the differences in the portion of dark
matter within the effective radius of the galaxies [13].

A galaxy cluster FP was first constructed based
on the observed photometric properties of a sample of
sixteen rich clusters of galaxies (z < 0.2)[14]. In that
paper, the authors used V-band luminosities L and
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the effective radii of galaxy systems R, containing half
of the luminosity determined from a de Vaucouleurs
profile. As a result of computing the regression de-
pendence of L on other parameters, the following FP
form was obtained: L oc RO-89F0-1551.28£0.11 1 [12],
the parameters of 20 galaxy clusters (ENACS sam-
ple) were determined for different profiles: King, Hub-
ble, NFW, and de Vaucouleurs. The best fit to the
observed data was achieved with the King profile, for

which the authors [12] derived the following FP: L
R119%0.1450.9140.16,

For the WINGS [11] sample of galaxy clusters,
V-band surface brightness profiles were constructed.
Their central regions were approximated by de Vau-
couleurs profiles, whereas the outer regions are best
described by an exponential disk. The derived FP has
the following form: (see Fig. 5 in[11]):

log R = 1.08(£0.16) log o — 0.96(£0.13) log(Z.)
+ 2.60(2£0.47).

The FP for galaxy clusters can be constructed not
only from the observed data obtained in the visual
range, but also from gas radiating in X-rays. As
determined in [15], the FP of X-ray galaxy clusters
is determined by the following parameters: log pg—
central gas density, log R—core radius, 7—gas tem-
perature.

Another representation of the FP is given in [16],
where the authors used the optical luminosity, the
radius containing half of it, and the X-ray luminosity
for 78 galaxy clusters to construct the FP in the form
of

log Lops /L = log( R £021),

The aim of this work is to construct the FP
and other dependences between the properties of
94 groups and clusters of galaxies with redshifts
in the range of 0.012 < z < 0.09 (and Virgo). The
properties under study, Lg, o, Lx, the effective radii
derived from the luminosity and from the number of
galaxies, and the correlations between them (FP)
will allow us to determine the structural properties,
the deviation from the relaxed state (evolutionary
status), and estimate peculiar velocities and other
properties of galaxy systems. The sample considered
has 50 groups of galaxies with o < 400 kms~! and 44
galaxy clusters with a larger radial velocity dispersion.
Among these systems of galaxies, 45 represent the
sample from [17] with measured X-ray luminosity;
these objects were selected and observed homoge-
neously within the scope of the radial velocity surveys
CfA2 and SSRS2. We have renamed the groups
according to the name of the brightest galaxy or the
corresponding name from the Abell catalog. Rich
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galaxy clusters are located mainly in the regions of
galaxy superclusters Leo, Hercules, Corona Borealis,
and Bootes. We have also included in our sample the
rich X-ray clusters A 2029 and A2142 in order to
cover a large range of masses and X-ray luminosities.

The size of the galaxy systems, the number of
galaxies, the luminosity and the (effective) radius
within which half of the luminosity is radiated or half
of the galaxies are contained, are determined from an
integral distribution of the number of galaxies (based
on the galaxy system profile) as a function of the
squared radius from the center. This work has made
use of the following databases: the SDSS! (Sloan
Digital Sky Survey Data Release 7, 8) [18] catalog,

the 2MASS? XSC (Two-Micron All-Sky Survey

Extended Source Catalog) [19] catalog, and NED?
(NASA Extragalactic Database). The paper is struc-
tured as follows. Section 2 describes the procedure of
measuring the effective radius R., luminosity L, and
number of galaxies N at that radius. The dependences
between the properties o galaxy systems (Kormendy
relation, Faber—Jackson relation, fundamental plane,
and others) are derived and described in Section 3.
The main results are listed in the Conclusion. The
following cosmological parameters were used in this
work: ©,, = 0.3, Qx = 0.7, Hy = 70 kms~! Mpc~1.

2. MEASURING THE OPTICAL PROPERTIES
OF GALAXY SYSTEMS

2.1. Observed Properties of Galaxy Systems

Table 1 lists the coordinates of the galaxy system
centers chosen by us, which usually coincide with
the brightest galaxy in the system, and the X-ray
luminosities with a link to the source. If the brightest
galaxy is located apart from the rest, or there are
several such galaxies, we used the galaxy centroid as
the center (marked with an asterisk).

The results of determining the physical charac-
teristics of part of the systems (63 galaxies) for the
regions with the radii Regg and R, are described and
presented in [28, 29]. Rygo is the radius within which
the mass density of the systems exceeds the critical
density of the Universe by a factor of 200 [30]; R, is
usually defined as the radius within which half of the
luminosity of the galaxy systems is contained. The
radial velocity dispersions oqq9, dynamical masses
Mspp and My 5, Ks-band luminosities (hereinafter,
K, Lk 200, and L 1/2) are also given in the men-
tioned papers. The properties of the remaining third of

"http://www.sdss.org

http://www.ipac.caltech.edu/2mass/releases/
allsky/

*http://nedwww.ipac.caltech.edu
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Table 1. X-ray luminosity of galaxy groups and clusters

Cluster RA 32000.0, Decy2000.0, L0.1-2.4 keV, RA32000.0, Decy2000.0, Lo.1-2.4 eV,
deg deg 10 ergs—1 deg deg 10" ergs™!
Virgo 12.51373 12.39114 0.58[20] NGC6338 17.25638 57.41119 0.25[25]
HCG 042 10.00397 —19.63695 0.01[21] NGC3119 10.11441 14.37357 0.04[22]
HCG 062 12.88495 —9.20383 0.16[21] NGCbH758 14.78391 13.66837 0.07[23]

Cluster

AWM 3 14.47121  25.84877 - A 2199 16.47729  39.55123  1.89[20]
NGC 2563 8.34325 21.06780 0.05[21] NGC®6107 16.29459 35.00422 0.17[25]
AWMY7 290760 41.57959 — AWM 4 16.08407 23.93269 0.22[20]
MKW 0ls 9.33394  1.03829 — Al1177 11.16235 21.75894 0.11[20]

NGC 0533 1.42538  1.75911 0.07[22] NGC3847* 11.75626 33.34110 -
NGC 0741 1.93918  5.62894 0.04[23] A 1185* 11.17818 28.705564 0.15[25]

NGC 0080 0.35301 2235712 0.07[22] A 2063 15.38481  8.60922 1.04[20]
MKW 12 14.04684  9.34138 — A 2052 15.27902  7.02163 1.29[20]
MKW 04 12.07418  1.89597 - AWM 5 16.96614 27.85442 -

MKW 01 10.00840  —2.9690 - A 1228A 11.36181 34.36278 -

MKW 10* 11.70171 10.29136 0.02[24] A2147 16.03806 15.97746  1.45[20]
NGC 3022 9.82757 —5.16658 - A2151% 16.08570 17.71912  0.45][20]
NGC 2783 9.22763  29.99296 - NGC5H098  13.33742 33.14341  0.13[20]
UGCO7115 12.13488 25.23710 0.04[22] A1139 10.96972  1.60458 0.15[20]
UuGC02005  2.53271 1.24652 0.04[22] A 1228B 11.38235 34.11149 0.06[25]
1C 5357 23.78972 —2.30067 0.03[22] A 1983 14.88203 16.70286 0.24[20]
NGC 2965 9.72199 36.24782 - MKW O03s  15.36440  7.70882 1.37[20]
NGC 1016 2.63877  2.11925 — A 0671 8.47546 30.43113 0.46[20]
NGC3158  10.23070 38.76490 0.03[22] A0757 9.21882 47.70839 0.46[20]
NGC 0070 0.30625 30.06667 0.09[23] RXCJ1022 10.36951 38.51782 0.18[20]
UuGCo7132  12.15273  1.56951 - A1991 14.90875 18.64232 0.70[20]
AWM 2 12.26044  23.98194 — A 0602 7.89072 29.35944  0.58[20]
NGC5171 13.48932 11.73511 0.10[23] A 1781* 13.74597  2.74565 —

NGC 2832 9.32968 33.74974 0.10[23] A 1795 13.81458  26.59293  5.75[20]
A 1656 13.00226  27.97694 3.70{20] A 1275 11.50088 36.63722  0.22[25]
NGC5H129  13.40278 13.97654 0.09[23] A 1825 13.96757 20.61902 0.11[25]

NGC 1132 288107 —1.27476 0.10[22] A 1828E* 13.97076  18.34617 —
SS2b 164 11.37884 —7.67625 0.04[22] A 1828W 13.93856  18.29288 -

NGC7436B 22.96598 26.14994 — A2124 15.74973 36.10946  0.69[20]
NGC5306  12.81983 —7.22440 0.05[22] A2079 15.46253 28.92873 0.37[26]
NGC5223  13.57367 34.69043 0.06[23] A 2092 15.55427 31.14515 0.40[26]
MKW 05 14.01033 —2.85782 - A 2065 15.37477 27.70763  2.52[20]
NGC7385  22.83183 11.60857 0.06[22] A0744 9.12236 16.65189  0.39[20]
NGC4325 12.38519 10.62124 0.15[21] A 2067 15.38561 30.87750  0.44[20]
1C 0186 293118 9311830 0.02[22] A 2089 15.54717  28.03951 -

NGC7237 2224611 13.84167 0.06[23] A 1238 11.38176  1.11441 0.26[25]
1C 2476 9.46467  29.98575 — A 1775B 13.69698 26.37347 1.60[27]
NGC5627  14.47619 11.37824 0.02[22] A 1800 13.82321 28.10731 1.56[20]
MKW 08 14.67857  3.46542 0.31[20] RXCJ1350 13.83765 29.22148 -

UGCO05088  9.55714  34.04809 0.02[25] A 2061 15.35572  30.67094 2.02[20]
MKW 04s 12.11083  28.17447 — A 2029 15.18225  5.74478 7.80[20]
NRGb 004 8.63520 2527261 0.18[23] A 1898* 14.34415 25.25784 0.11[26]
AWM 1 9.28526  20.06970 - A 2019 15.05800 27.15445 0.15[26]
NGC 2795 9.26776 17.62837 0.05[25] A 2142 15.97222  27.23341 10.58[20]
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the galaxy systems are determined in this work using
the same method as in [28, 29]. The masses My and

My were determined from the radial velocity dis-

persion aagq of the galaxies as M o ¢® and M o o?

in accordance with the methods described in these
papers, assuming that the systems are in a state of
virial equilibrium and have isotropic radial velocities.

To characterize in more detail the observed struc-
ture and kinematics of the galaxy groups and clusters
studied in this work, as well as their nearby surround-
ings, we show in Fig. 1 and Fig. 2, using the example
of clusters A 1800 and A 2124, the following:

1) the radial velocity scatter for cluster members,
as well as for galaxies which deviate by more than
2.70 and are classified as background galaxies, as a
function of the squared distance to the center of the
cluster (the top left panel in the figure);

2) the integral distribution of the number of galaxies
as a function of the squared radius, to reveal the
dense cluster core, the more sparse halo, and the
outer region, where the distribution becomes linear
in the chosen coordinates, i.e. a uniform (on average)
distribution of surrounding galaxies is observed (the
bottom left panel);

3) the image plane projection of galaxies in equato-
rial coordinates (the top right panel);

4) the histogram of the radial velocity distribution
for all the galaxies within the radius Rggg (the solid
curve indicates a Gaussian function corresponding
to the radial velocity dispersion of the clusters in
Table 1) (the bottom right panel).

Early-type galaxies were selected based on their
SDSS r-band characteristics: fracDeV > 0.8, where
fracDeV shows the contribution of the bulge to the
surface brightness profile of a galaxy; rgg/rs0 > 2.6,
where ¢ = rgg /750 is the concentration index equal to
ratio of the radii which confine 90% and 50% of the
Petrosian flux. Additionally, we restricted the (u — r)
colors: A(u —r) > —0.2. In Fig. | and Fig. 2, early-
type galaxies are denoted by circles with dots inside.

2.2. Determining the Size and Effective Radius of
Galaxy Systems

The break in the cluster profile which represents
the distribution of the number of galaxies as a function
of the squared radius from the selected center, shown
in the bottom left panels in Fig. | and Fig. 2, can be
used to determine with sufficient accuracy the size
of the system, its virialized part with the radius Ry
(the dashed-and-dotted line), and the cluster core of
radius R, (long-dashed line). The figures also show
the region of radius Rggo (short-dashed line). The
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number of galaxies increases sharply in the central
parts of a group or cluster (this region is restricted
by the radius R.); the straight line shows the region
of constant density increase. We call this region the
cluster halo. It includes galaxies and small groups
which got there only recently. The radius Ry, of this
region usually exceeds Ragp and is close to the radius
Rygp =~ 1.3R9gp [31], within which the systems are
also considered to be virialized. Another straight line
shows the region of constant density increase beyond
the virialized part of the systems. This method of
determining the size of galaxy systems was developed
by us for the first time. We used it on a sample of
galaxy clusters with known masses measured from
gas radiating in the X-ray range [29]. In this work,
we have additionally refined the Ry, radii for the rich
galaxy clusters A 1656 and A 1795, since they were
underestimated in [29].

As shown in the bottom left panels in Fig. 1 and
Fig. 2, Ny galaxies (excluding the background) are
contained within the Ry, radius (or N;. galaxies if the
background is taken into account), which we found
graphically using the slope of the galaxy distribu-
tion beyond the virialized cluster region. Despite the
fact that we had already selected the members of
galaxy groups based on the radial velocities, accord-
ing to [32], they might include background galaxies,
the so-called “interlopers”. N7 and N are related as
Ni=Ni—m R%L ¥V, where the density of the galax-
ies (in the Ry, region) is ¥V = (N; — Ny.)/(m R2).
For the derived Ny, galaxies we have measured the
luminosity Ly, = Ly /Ny Ny, found the cluster radius
Re(L1./2) (hereinafter, R.(L/2)) within which half
of the system’s luminosity is contained, and used
Nic/2—Re(Ni./2) (hereinafter R.(N/2)) to deter-
mine the radius which contains half of the total num-
ber of galaxies in the system.

To construct the classical FP based on optical
observations, one needs to find the luminosity of the
system, and determine the effective radius contain-
ing half of it. As mentioned above, in [28, 29] we
determined the NIR luminosity of galaxy clusters
in the K band. To that end, we used the results of
galaxy photometry presented in the final version of
the 2MASS catalog of extended sources—XSC [19].
We increased the photometric limit of this catalog to
K =14™7-15™0, taking into account the (r — K)-
color dependence of a galaxy on the SDSS color
(u—r7). Since our sample also contains distant
galaxy clusters, the total luminosity for systems with
z > 0.035 was determined as a sum of luminosi-
ties of all the observed galaxies with an additional
component (up to Mg = —21™), obtained from the
composite luminosity function of the galaxy clusters
using the method described in [33].

ASTROPHYSICAL BULLETIN Vol.71 No.3 2016
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Fig. 1. Distribution of galaxies in the A 1800 cluster. Top left: deviation of radial velocities of galaxies from the mean
radial velocity of the cluster, determined for the galaxies within the radius R20o. The horizontal dashed lines correspond
to the deviations of £2.70, the vertical dashed line marks the radius Rg200. The larger circles mark galaxies brighter than
My +1 = —23729, circles with a dot mark early-type galaxies, and the plus marks a background galaxy. The horizontal axis
shows the distance from the center of the cluster in squared arcminutes. Bottom left: integral distribution of the number of
galaxies as a function of the squared distance from the center of the cluster in megaparsecs. The vertical lines show, besides the
radius Rao0, the radius Ry, (the dashed-and-dotted line), and the radius R. (long-dashed line). The circles correspond to the
galaxies shown by circles in the top left panel, the stars represent the background galaxies. Top right: sky distribution of the
galaxies shown in the top left panel in equatorial coordinates (the designations are the same). The circles show regions with
the radii Rooo, Ry, and R.. The region under investigation is limited to a circle of 40’ radius. The large cross marks the center
of the cluster. Bottom right: radial velocity distribution for all galaxies within the radius R200 (the solid curve shows (for the
members of the cluster) the Gaussian function corresponding to the cluster o). The solid vertical line shows the mean radial
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velocity of the cluster, the dashed lines correspond to 2.7 deviations.

2.3. Relation between K -Luminosity and the
Number of Galaxies in Galaxy Systems

As aresult of the study of nine rich galaxy clusters,
a practically linear dependence was found to exist
between the number of galaxies within the radius
Rogp and their NIR luminosity, mainly due to the fact
that the luminosity function for galaxy clusters in the
region of bright galaxies varies little from cluster to
cluster [34]. In Fig. 3 we present this dependence for
our sample of galaxy groups and clusters (N = 191)
to show that the effective radius for the groups (es-
pecially) and clusters of galaxies can be defined as
the radius containing half the system galaxies. The
R, radii derived this way are, on the average, bigger

by 17%.
A very bright galaxy (the brightest in the system)

ASTROPHYSICAL BULLETIN Vol.71 No.3 2016

is usually located at the center of galaxy groups and
clusters. Its luminosity can exceed 50% of the total
luminosity of the system. For fourteen such galaxy
groups in our sample, e.g. AWM 04 and A 1177 (“fos-
sil” galaxy groups), with a very bright galaxy in the
center, we determined R.(L/2) from the luminosity
derived by subtracting the luminosity of the bright-
est galaxy from the total luminosity, and R.(N/2)—
using the usual method including all the galaxies.
With this in mind, in this work we determined the
effective radii of galaxy systems in two ways, as radii
containing half the luminosity L/2 and half of the total
number of galaxies N/2; however, the second method
is preferable for galaxy groups and clusters when
constructing the overall fundamental plane. The first
method is needed to search for greatly evolved (fossil)
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Fig. 2. Distribution of galaxies in the A 2124 cluster. The crosses in the top left panel show the foreground galaxies. The
structure and designations are the same as in Fig. 1. The region under investigation is limited to a circle of 45’ radius.
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Fig. 3. Luminosity of galaxy groups and clusters in the
K band (Mg < —21™) as a function of the number of
galaxies within the Rago radius. The solid line shows the
linear dependence Lk, 200 &< Nago.

groups, where the brightest galaxy had accumulated
a gigantic luminosity absorbing the smaller galaxies.

In Table 2 we present the results of our measure-
ments of the physical properties of the galaxy groups

and clusters under study (sorted according to red-
shift) for the region of radius Raqo, as well as effective
radii Re, derived from half the luminosity L/2 and
half the number of galaxies N/2. The table columns
give: (1)—name of the system (the galaxy groups
from [17] are named after the brightest galaxy),
(2)—heliocentric redshiit, (3)—Rsgo radius in Mpc,
(4)—R, radius in Mpc, (5)—Rj radius in Mpc,
(6)—radial velocity dispersion with the cosmological
correction (1 + z)~! within Ragg o200 (hereinafter
simply o), (7)—mass Mag, (8)—IR-luminosity
LK’QOO (MK < _21m) within Rgoo, (9)—1R—lumi—
nosity Lg 1=Li./2 (Mg < —21™) and in column
(10)—the effective radius R, =R.(L/2) in Mpc
containing this luminosity, (11)—IR-luminosity Lg »
radiated by Nj./2 galaxies and in (12)—the effective
radius Re, n=R.(IN/2) in Mpc containing this lumi-
nosity. The mass measurement errors correspond to
the errors of measuring ¢ and are defined as the errors

of functiony = o3, S, = 30%/1/(N) S, for Magg. The
asterisks denote the galaxy groups for which R.(L/2)
is determined with the subtraction of the luminosity
of the brightest galaxy. Similar data for the 29 galaxy
systems reported in [29] are not included in Table 2.

ASTROPHYSICAL BULLETIN Vol.71 No.3 2016
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Cluster

(1)
HCG 042*
HCG 062
AWM 3*
NGC 2563
AWM7
MKW 01s*
NGC 0533
NGCO0741*
NGC 0080
MKW 12
MKW 04
MKW 01
MKW 10*
NGC 3022
NGC 2783
uGCo7115
UGC 02005
IC 5357
NGC 2965
NGC 1016*
NGC 3158
NGC 0070
uGC07132*
AWM 2
NGC5171
NGC 2832
NGC5129
NGC 1132*
SS2b 164
NGC7436B*
NGC 5306*
NGC 5223
MKW 05*
NGC 7385
NGC 4325
IC0186
NGC 7237
1C 2476
NGC 5627

Table 2.

%h

(2)
0.01259
0.01434
0.01488
0.01570
0.01734
0.01756
0.01841
0.01842
0.01910
0.01976
0.02021
0.02079
0.02083
0.02096
0.02215
0.02220
0.02234
0.02244
0.02247
0.02258
0.02263
0.02264
0.02272
0.02276
0.02300
0.02304
0.02340
0.02351
0.02381
0.02472
0.02473
0.02483
0.02486
0.02511
0.02539
0.02602
0.02610
0.02620
0.02668

R0,
Mpc

(3)
0.56
1.00
0.66
0.91
1.71
0.44
0.99
0.90
0.73
0.47
1.26
0.79
0.36
0.68
0.85
0.82
0.86
0.93
0.42
0.79
0.92
1.02
0.38
0.72
0.91
0.81
0.71
0.51
0.82
0.94
0.75
0.66
0.70
1.14
0.66
0.78
0.92
0.59
0.77

Physical properties of galaxy groups and clusters

R,

Mpc Mpc kms™1

(4)
0.30
0.39
0.44
0.28
1.07
0.35
0.59
0.62
0.37
0.42
0.83
0.42
0.15
0.73
0.90
0.66
0.73
0.57
0.41
0.36
0.26
0.62
0.44
0.42
0.84
0.69
0.77
0.53
0.60
0.42
0.56
0.57
0.63
0.55
0.41
0.69
0.78
0.59
0.53
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Ry,

(5)
0.75
1.03
1.04
1.00
1.96
0.68
1.45
0.98
0.79
1.10
1.51
0.69
0.60
1.14
1.33
1.06
1.12
1.02
1.18
1.10
1.08
1.15
0.71
0.77
1.44
1.23
1.36
1.05
1.56
1.09
1.63
0.97
0.88
0.85
0.84
1.16
1.47
0.96
1.10

0200,

(6)
228
407
269
369
698
179
404
368
296
192
olb
323
147
276
346
334
352
381
173
322
375
415
156
293
371
331
290
210
334
383
305
271
288
466
271
318
376
243
314
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Msqo,
10M M,
(7)
0.20£0.15
1.16 = 0.56
0.33£0.18
0.86 £0.39
5.84+1.51
0.10£0.10
1.13+0.74
0.86 £0.41
0.44 £0.23
0.12+£0.07
2.344+0.74
0.58 £0.44
0.05£0.05
0.36 £0.28
0.71 £0.38
0.64 £0.26
0.75+0.34
0.95 £+ 0.62
0.09 £0.10
0.57 £0.38
0.90 +0.44
1.224+0.65
0.06 £0.06
0.43+0.24
0.88 +£0.37
0.62 +0.24
0.42 £0.22
0.16 £0.13
0.64 +0.43
0.96 4+ 0.54
0.48 £0.42
0.34 £0.19
0.41 +£0.27
2.24 4+ 1.40
0.34 £0.26
0.55 £0.48
0.91 £0.38
0.24 £0.16
0.53 £0.28

Lk 200,

10121, 10'2Lg

(8)
0.62
2.05
0.48
1.40
4.13
0.25
1.79
1.27
1.94
0.99
2.56
0.75
0.79
0.93
1.10
1.32
1.12
1.21
0.39
1.92
1.78
2.01
0.20
0.93
1.50
1.76
1.28
0.62
1.04
1.72
1.16
1.54
0.69
2.40
0.61
1.26
1.57
0.76
1.38

LK,ls

(9)
0.34
0.56
0.22
0.66
1.75
0.11
0.80
0.59
0.96
0.62
1.24
0.34
0.42
0.61
0.50
0.84
0.58
0.58
0.23
0.78
0.87
0.95
0.14
0.42
1.03
0.86
0.65
0.37
0.84
0.75
0.71
0.59
0.37
1.08
0.34
0.72
0.95
0.40
0.74

RG,Lv

Mpc
(10)
0.28
0.49
0.16
0.27
0.40
0.15
0.32
0.27
0.23
0.26
0.27
0.13
0.10
0.35
0.39
0.57
0.55
0.38
0.16
0.35
0.16
0.12
0.64
0.15
0.64
0.24
0.24
0.50
0.58
0.26
0.52
0.20
0.11
0.17
0.17
0.44
0.44
0.18
0.46

L 2,
102L,,
(11)
0.56
0.39
0.45
0.73
1.88
0.22
1.24
1.03
1.21
0.90
1.90
0.48
0.76
0.69
0.67
0.73
0.73
0.56
0.30
1.16
1.37
1.16
0.18
0.49
0.94
1.18
0.94
0.56
0.93
1.16
0.43
1.02
0.61
1.64
0.44
0.89
1.06
0.53
0.69

Re,N’

Mpc
(12)
0.26
0.34
0.42
0.34
0.52
0.32
0.39
0.34
0.28
0.42
0.48
0.15
0.12
0.46
0.43
0.52
0.66
0.36
0.32
0.26
0.26
0.36
0.37
0.31
0.52
0.46
0.43
0.28
0.60
0.40
0.52
0.50
0.39
0.34
0.32
0.50
0.50
0.39
0.44
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Table 2.

Cluster s, 200, Re Rn,o o0,
Mpc Mpe Mpe kms™t

(1) 2 ) @ () (6)
MKW 04s 0.02793 1.03 0.82 1.49 423
NRGb004  0.02809 0.88 0.78 1.13 362
AWM 1 0.02865 0.98 0.64 1.05 402
NGC2795 0.02899 1.04 0.71 1.32 431
NGC3119 0.02966 0.87 0.91 1.83 355
NGC5758  0.02992 0.71 0.66 1.09 291
NGC6107  0.03109 1.33 0.99 1.86 546
NGC 3847 0.03246 091 0.86 1.66 372
A 1185 0.03273 1.69 1.38 2.01 676
A 1228A 0.03506 0.57 0.47 1.06 216
A 1228B 0.04289 0.84 0.66 1.11 347
A 0671 0.04980 1.95 1.82 2.41 805
A 0757 0.05132 0.89 0.77 1.79 368
A 0602 0.06055 1.35 1.32 1.86 560
A 1781 0.06226 0.87 0.87 1.56 362
A 1825 0.06327 1.52 0.71 1.38 633
A 1828E* 0.06358 0.80 0.32 0.82 335
A 1828W 0.06395 0.50 0.36 0.92 207
A2124 0.06572 1.77 1.37 2.39 736
A 2079 0.06575 1.48 1.35 2.12 618
A 2067 0.07294 0.68 0.49 1.11 286
A 2089 0.07355 1.27 0.91 1.48 531
RXCJ1350 0.07644 0.86 0.41 1.30 359
A 2061 0.07775 1.70 1.37 1.95 712
A 1898 0.07852 1.04 0.81 1.90 434
A 2019 0.08118 0.82 0.59 1.22 345

3. CONSTRUCTING THE FUNDAMENTAL
PLANE AND OTHER SCALING RELATIONS
FOR GALAXY GROUPS AND CLUSTERS

3.1. Dependences between Ly —R., Lx—o
and the NIR Fundamental Plane

Fig. 4 shows the Lx—R, dependence (for Ly /27 R
we practically get the Kormendy relation) for the
studied galaxy systems for which the effective radius
R, was found in two ways as the radius containing
L/2 luminosity or N/2 galaxies. In the left panel of
Fig. 4 the shown dependence (for the case of N/2)
has the form of Ly oc RL62%0-15 and is in accordance
with the results presented in, e.g., [35] and [l4]
For the L /2 case we have also obtained a regression
dependence, shown along with all the other relations

KOPYLOVA, KOPYLOV

(Cont.)
Moo, Lgo200, Lri, Rer, Likg2, Ren,
101M,  102Le 102Le Mpe 102Ls Mpe
(7) (8) (9)  (10) (11) (12)
1.294+0.51 1.88 097 029 146 055
0.81+0.44 1.30 0.65 051 063 048
1.11£048 2.35 099 035 1.31 040
1.37+0.55 2.39 1.20 025 142 0.38
0.76£0.38 1.54 1.17 056 1.26 0.62
0.42+0.20 1.23 068 0.20 079 040
2.78 £0.82 3.58 1.90 0.50 223 0.65
0.88+£0.34 2.58 1.39 066 1.656 0.77
527+£1.20 6.85 3.00 055 338 0.66
0.17+£0.11 1.52 1.02 0.34 1.41 047
0.71+0.40 1.78 0.88 0.12 1.05 0.20
8.83+£247 7.72 3.82 044 456 0.6l
0.84+042 2.70 1.54 050 1.63 0.56
2.96+1.16 4.33 244 072 256 0.74
0.80 +0.48 2.77 209 084 201 0.83
4.26+2.02 3.60 1.77 025 2.14 0.40
0.63+0.52 0.89 0.37 025 065 028
0.15+0.13 1.39 095 0.17 1.15 0.29
6.70 £2.18 6.75 3.93 050 438 0.60
3.96£1.29 8.92 497 060 6.12 0091
0.39+0.31 0.91 0.73 036 0.78 0.46
2.50£1.05 4.53 239 059 278 0.63
0.77+£0.48 2.53 1.62 039 1.63 046
6.03£1.65 1329 660 051 7.82 0.65
1.36 £0.89 2.95 205 061 242 0.64
0.68 +0.50 1.87 1.564 052 140 045

for this case in Table 3. This table gives, in the first
column, the number of galaxy systems included in the
regression; the second column gives the variable with
regard to which the regression was performed, and
columns (3) and (4) show the results obtained for R,
derived from N/2 and from L/2. The “fossil” groups
in the figures are shown by filled circles, the regression
relations were computed without them. The three
poorest groups with o <200 kms~! deviate the
most. The Faber—Jackson relation for our sample
also agrees within the margin of error with the data
of[35] and [14] and has the form of

LK(N/2) x log 0'1'79:t0'11.
To be able to compare the obtained results of

constructing the cluster FP with the results of other

ASTROPHYSICAL BULLETIN Vol.71 No.3 2016
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authors (e.g., [14]), we took log L, log R., log o and
found a regression relation with regard to log Lg.
In our study, log Lg is the K-band luminosity of
galaxy systems (for the same limit Mg = —21™) in
L), log R, is the effective radius of the system in
kpc, which contains either half of the total number of
galaxies (IN/2)found from the profile described above,
or half the luminosity (L/2). Unlike the FP for early-
type galaxies, where the central dispersion of stellar
radial velocities is considered, for galaxy clusters and

ASTROPHYSICAL BULLETIN Vol.71 No.3 2016

groups it is better to use the radial velocity dispersion
of galaxies within the virialized region (in our case we
took o909 within Rygg) as the most accurate, since
accuracy depends on the number of galaxies used.

Fig. 5 shows the FP for our sample of 94 galaxy
groups and clusters in the following form:

log Lk (N/2) = 0.70(£0.13) log R.(N/2)
+ 1.34(£0.13) log o + 7.08(%0.15)
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Table 3. Scaling relations between the properties of galaxy groups and clusters

N Direction N/2
80 Lg Ré'62i0'15

80 Ly oglmool

80 Ly  ROTOE013 51345013
94 Ly RO-T60.18 51.6040.16
24 Lg

63 Ly  ROS1E0:21 [0:300.05
63 Lx  R115%0.39 52.56£0.40

and, taking into account (I.) = Ly /(2mR?),

log Re(N/2) = 1.03(£0.10) log o

— 0.77(0.10) log (Ie) + 4.83(40.11).

The FP constructed by us agrees within the errors
with the results of [11, 12, 14], where the authors
use other methods to determine the effective radius
of galaxy systems: R, is determined either by fitting
a de Vaucouleurs profile to the surface brightness
(luminosity) profile, or by using other profiles (e.g.,
Hubble, King).

3.2. X-ray Fundamental Plane
For another baryonic component of systems of
galaxies—gas, we have obtained the following FP by
changing the K-band luminosity to the luminosity of
gas in the X-ray range:

log Lx = 1.15(%£0.39)log R.(N/2)
+ 2.56(£0.40) log o + 33.34(=£0.36),

where Ly is the X-ray luminosity. The scatter of the
derived fundamental plane, shown in Fig. 6, is 2.5
times larger than that of the FP for the stellar popula-
tion of galaxy systems. We should note that while the
log R, coefficients for both fundamental planes are in
agreement with each other within the errors, the log o
coefficient for the X-ray FP is significantly larger and
close to virial predictions.

We have also constructed a fundamental plane
similar to the one derived in [16], between the optical
luminosity, the effective radius found from this lumi-
nosity, and the X-ray luminosity

log L = 0.81(40.21)log Re(N/2)
+ 0.30(£0.05)log Ly — 2.77(+0.19),

which agrees within the errors with the authors’ re-
sults for 78 galaxy clusters.

L/2
1.2440.13
R,
0.1.88i0.11
R8.55i0.09 0.1.48j:0.11

R2.82i0. 11 0.1 .6610.12

0.74+0.15 1.69+0.14 0.28+0.10 0.80+0.10 1.72£0.11 0.18+0.10
Re g (Mx/LK) Re g (Mx/LK)

0.57+0.13 70.36£0.04
RO L%

R2.46i0.28 0.3.06j:0.36

3.3. Comparison of the FP of Galaxy Systems with
the FP for Early-Type Galaxies

In Fig. 7 we show the FP for galaxy groups and
clusters together with the FP for early-type galax-
ies. To this end, we converted the Ly -luminosities
of galaxy systems, taking into account the color
(r— K) ~ 3, to r-band luminosities (SDSS)—L,.
We took the rounded value of color (7pet — K), calcu-
lated for our sample: the mean system color varies in
the 2.5—3.0 interval. The early-type galaxies were se-
lected earlier from the SDSS (DR8) catalog, when we
were determining peculiar velocities in superclusters.
The description of the selection criteria and the results
obtained for the superclusters Hercules and Leo are
reported in [36]. The FP of 2111 early-type galaxies
is determined, as in the case of galaxy clusters, by
a regression with regard to L,. We can note that
the forms of fundamental planes for both galaxies
and galaxy systems are in good agreement with each
other, and the zero-points differ more strongly than
reported in [11]. The authors of the mentioned paper
suggest that the differences in coefficients and zero-
points derived by them are due, in all likelihood,
to either different amounts of dark matter within
R, for galaxy clusters, or to the unaccounted for
luminosity of their inner environment. For the galaxy
systems under study, we find that increasing the
galaxy luminosity by, e.g., 50%, does not increase
significantly their zero-point. The zero-point of the
FP for galaxy groups and clusters increases if we
take into account the mass-to-light ratio as a fourth
parameter, as shown below.

3.4. FP of Galaxy Systems with Consideration for
Their Mass-to-Light Ratio

According to [37], the expression L=SRyL/M Ro?
should be true for virialized systems, where the S
parameter belongs to the inner structure of the object
and Ry demonstrates the degree of the system’s

ASTROPHYSICAL BULLETIN Vol.71 No.3 2016
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Fig. 7. Fundamental plane for galaxies and galaxy groups
and clusters vs. the long axis log R.. The R, radius for
galaxy systems is determined as the radius containing
half of the galaxies.

virialization. The observed deviation of the coefficients
for R and o from virial predictions (o« =1, =2 in
the formula L oc RS 0?) is interpreted as a variation
of the parameters S, Ry, M /L from cluster to cluster.
For example, in [33] we have shown that the mass-
to-light ratio (Ma00/L K, 200) increases with galaxy

ASTROPHYSICAL BULLETIN Vol.71 No.3 2016

cluster mass (or luminosity). The galaxy system mass
Moo was determined from the radial velocity disper-
sion, we therefore cannot use the derived mass-to-
light ratio as a fourth parameter in the FP. For several
galaxy systems we found independent masses Mx, 200
in the literature, determined from the radiation of gas
in the X-ray range. They are reported in [29], where
we also give the Ly -luminosities corresponding to
those masses and measured by us. For 24 galaxy
groups and clusters (six systems with an underesti-
mated, in our opinion, hydrostatic mass [29] were not
part of the regression) we constructed a regression
with the mass-to-light ratio:

0.74
1.69
0.30
6.83

+0.15
+0.14
+0.10
£0.07

log Lx(N/2) log Re(N/2)

+ log o

log Mx, 200/ L K, 200

~—~~ o~
~—  — ~— ~—

_|_

and without this ratio:

log Lx(N/2) = 0.76(%0.18)log Re(N/2)
+ 1.60(+£0.16) log o + 6.19(40.08).

Fig. 8 shows the obtained dependences. We can con-
clude that factoring in a fourth parameter—the mass-
to- K-light ratio in the FP—decreases the scatter
by 12% and increases the zero-point. Apparently, in
the FP for galaxy groups and clusters, the remaining
scatter is due to, mainly, the degree of their deviation
from the virialized state (the Ry parameter) and the
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is used as the fourth parameter in the FP.

corresponding system structure (the S parameter),
as well as peculiar velocities. The form of the FP
approaches virial predictions if the luminosity is sub-
stituted for galaxy system mass [39]. We are unable to
use our mass measurements because they correlate
with o.

4. CONCLUSIONS

The scaling relations between the parameters L,
R., 0, Lx, and others for galaxy groups and clusters
can improve significantly our understanding of the
structure of these objects and the processes of their
formation and evolution. For example, in [38] it is
shown that as the galaxy clusters increase, either
due to absorbing individual galaxies or merging with
other groups, their efiective radius R, changes. Our
sample, consisting of 94 galaxy systems, has red-
shifts within 0.0038 < z < 0.090; out of these sys-
tems, 50 galaxy groups have radial velocity disper-
sions of o < 400 kms~!, and the remaining 44 sys-
tems are galaxy clusters.

In this work, we used a simple observational
method of determining the size of galaxy groups and
clusters (the Ry radius) and estimating the effective
radius R, from the observed integral distribution
of the number of galaxies along the squared radius
from the center (Fig. 1 and Fig. 2). We determined
two types of R, radii: the radius containing half of
the galaxies in the system, (IN/2), and the radius
containing half of the system’s K -luminosity (L/2).
As a result, we found that the luminosity of the
brightest galaxy, especially in groups, can account for
50% and more of the total group luminosity contained

within the effective radius R.. Determining R, from
L /2 therefore gives an underestimated radius value
for such groups; for 14 systems, we were unable to
determine it at all using this method (the obtained
radius R. was located inside the brightest galaxy),
and had to estimate R, with prior subtraction of the
luminosity of the brightest galaxy. To study all the
galaxy systems in the same way, we defined their
effective radius as the radius containing half of the
galaxies located in the virialized region. We show that
the relations between the galaxy system properties
obtained this way are in agreement with the results of
other authors using other methods [11, 14].

This work presents the following results for 94
galaxy groups and clusters:

1. We have constructed the fundamental plane for
the stellar populations of galaxy systems in the K

band:
Ly — R8.7010.1301.34j:0.13

or
log R, =1.03(£0.10) log o —0.77(£0.10)+
+4.83(£0.11).

2. We have constructed fundamental planes for gas
in the X-ray range:
Ly = RL150.39 ;2.562:0.40

and 0.30£0.0
Ly = RO-81%0-21 [ 0:8040.05,

3. We have found that the fundamental planes for
galaxies and galaxy systems have similar shapes,
but different zero-points, which is due to the fact
that the mass-to-light ratio increases with luminos-
ity (mass) of galaxy systems.

ASTROPHYSICAL BULLETIN Vol.71 No.3 2016
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