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Abstract—We investigate the variation of the fraction of galaxies with suppressed star formation
(Mg < —21™5) and early-type galaxies ( fracg) of the “red sequence” along the projected radius in six
galaxy clusters: Coma (A 1656), A 1139, and A 1314 in the Leo supercluster region (z = 0.037) and A 2040,
A 2052, A 2107 in the Hercules supercluster region (z = 0.036). According to SDSS (DR10) data, fracg
is the highest in the central regions of galaxy clusters and it is, on the average, equal to 0.62 £ 0.03,
whereas in the 2—3R/ Rogo. interval and beyond the Ry, ~ 0.95 £ 0.04 Rapom radius that we inferred from
the observed profile fracg is minimal and equal to 0.25 + 0.02. This value coincides with the estimate
fracy = 0.24 £ 0.01 that we inferred for field galaxies located between the Hercules and Leo superclusters
at the same redshifts. We show that the fraction of galaxies with suppressed star formation decreases
continuously with cluster radius from 0.87 £ 0.02 in central regions down to 0.43 & 0.03 in the 2—3 R/ Rapoc
interval and beyond Rsp, but remains, on the average, higher than 26 % than the corresponding fraction for
field objects. This decrease is especially conspicuous in the galaxy mass interval log M, [Mg] = 9.5—10.
We found that galaxies with ongoing star formation have average clustercentric distances 1.5—2.5 R/ Rapoc
and that their radial-velocity dispersions are higher than those of galaxies with suppressed star formation.
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1. INTRODUCTION

Galaxy clusters are dynamic objects, which grow
by accreting galaxies and groups of galaxies along
filaments from the surrounding space. As a result of
their continuous growth galaxy clusters harbor the
virialized component, which consists mostly of old
early-type galaxies and the population of galaxies
recently accreted from outside. In the dense inner
medium of clusters galaxies acquire properties that
differ from those of field galaxies—star formation be-
comes suppressed in cluster galaxies. Various phys-
ical mechanisms are acting in this medium, which
result in the decrease of the gas content in galax-
ies and ultimately in the decrease of star-formation
rate. These mechanisms include tidal interactions be-
tween galaxies or between galaxies and the potential
well of the cluster; galaxy harassment, ram pressure
stripping, and thermal evaporation (see review [1] for
details). Note that the decrease of the star-formation
rate in rich galaxy clusters is observed in galaxies
of all types unlike what we see in field galaxies [2].
The slowdown of star-formation rate is also observed
along the cluster radius towards the center (for the

"E-mail: flera@sao.ru

galaxy cluster sample with 0.19 < z < 0.55 [3], x-ray
bright galaxy clusters with 0.15 < z < 0.30 [4], and
catalog of groups of galaxies from SDSS DR7 [5]).
Based on the results of observations of 30 massive
galaxy clusters (0.15 < z < 0.30) Haines et al. [4]
found that the fraction of star-forming cluster galax-
ies is lower than among the field population even
at the clustercentric distance of 3Ryp. The above
authors conclude that this phenomenon can be ex-
plained by assuming that star-forming galaxies must
go through the virialized region of the cluster over
0.5—2.0 Gyr before leaving it.

N-body simulations [3] of the star-formation gra-
dient along the galaxy cluster radius showed that a
significant fraction of galaxies beyond the virial radius
of the cluster (out to 2Ry, ) have spent some time in
their central regions. Studies of galaxy properties at
cluster peripheries based on N-body simulations [6]
also showed that the fraction of such (“splashback”)
galaxies between 1—2 Ry, is of about 50%. Such
galaxies have twice lower velocities compared to the
galaxies that have entered the virialized part of the
cluster for the first time. When crossing the virial-
ized part of the cluster “splashback” galaxies lose

about 40% of their mass. However, simulations of the
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x-ray emitting region of the inner medium in galaxy
clusters [7] showed that spiral galaxies lose their gas
before entering the virialized region and this process
naturally results un the decrease of the star-formation
rate in these objects.

When investigating star-formation rate in nearby
clusters (0.04 < z < 0.07) Paccagnella et al. [8] found
a population of galaxies (which rarely occur in the
field) intermediate between star-forming galaxies and
quiet galaxies without star formation.

The position of the galaxy in the phase-space dia-
gram is commonly used to better understand the role
that the immediate surroundings of the galaxy play
in its evolution. The projected phase-space diagram
of galaxy clusters reflects the dependence of the pro-
jected distance of the galaxy from the chosen center
on its normalized radial velocity. This diagram can be
used to investigate, e.g., the star-formation gradient
in clusters and how it is related to the position of
galaxies on the diagram, as well as to the fact that
certain galaxies belong to the “old” population of the
cluster, or have just fallen onto the cluster, or have
left the virialized region (splashback galaxies) (see,
e.g., [9—14]).

The aim of this study is (1) to determine the
dynamical properties of the nearby galaxy clusters
A 1139 and A 1314 (in the Leo supercluster region),
A 2052, A2107, and A 2040 (in the Hercules super-
cluster region), A 1656, and their peripheral regions
described by different radii and (2) to investigate the
variation of the specific star formation rate (sSF'R)
and the fraction of galaxies exhibiting no star for-
mation along normalized radius and as a function of
stellar mass.

This study uses the data of the SDSS (Sloan Dig-
ital Sky Survey Data Release 10 [15]) and 2MASS
XSC (Two-Micron ALL-Sky Survey Extended Source
Catalog[16]) catalogs and NED (NASA Extragalac-
tic Database).

The paper has the following layout. The second
section describes the procedure of the measurement
of dynamical properties of galaxies and determina-
tion of the cluster outskirt. In the third section we
construct the color-magnitude sequence for early-
type galaxies in galaxy systems and determine the
fraction of early-type galaxies. The fourth section
gives the distributions of the specific star formation
rate of galaxy clusters computing assuming fixed
stellar mass in galaxies and without such assump-
tion. We demonstrate the gradient of star-formation
rate along the normalized radius of galaxy systems
computed assuming fixed stellar mass of galaxies
and without such assumption, and compare these
estimates with the star-formation rate in the field.
The concluding section summarizes the main results.

KOPYLOVA, KOPYLOV

Throughout this study we adopted the following val-
ues of cosmological parameters: €2, = 0.3, 2 = 0.7,
Hy =70 kms=t Mpc~1.

2. DYNAMICAL PROPERTIES OF GALAXIES

The completeness of the sample of galaxy sys-
tems investigated in this study is determined by
the completeness of the spectroscopic data of the
SDSS catalog. If the conditions rpe; < 1777 and
(ur) < 24™5/0" (r-band Petrosyan magnitude of
the galaxy an the average Petrosyan surface bright-
ness corrected for foreground Galactic extinction
corresponding to the effective radius) are satisfied
then the completeness of SDSS data is estimated at
99% [17](95% for bright galaxies).

To increase the spectroscopic completeness of
bright galaxies, we used the radial-velocity measure-
ments of bright galaxies (from 1 to 10 for different
galaxy systems) for which such measurements are
lacking in the SDSS. If no such measurements could
be found in the NED database, we selected bright
early-type galaxies of the “red sequence” (RS)[18]as
likely cluster members(1 to 5 galaxies) based on their
positions on the color-magnitude diagrams (u — r, r;
g—r,r;r—i,7)[19]

We measured the dynamical properties of galaxy
systems—radial velocity, radial-velocity dispersion,
and mass for the region of radius Rappe. The Rapoc
radius is the radius of the sphere inside which the den-
sity in the system is 200 times higher than the critical
density of the Universe, and this radius can be esti-

mated by the formula Rogg. = /30 /10H (2) Mpc [20].
The Rogom radius (which is often used in model
computations) is equal to the radius of the sphere
inside which the density of the system is 200 times
higher than the average density of the Universe.
We then assume that the cluster is virialized inside
this radius Moygg ~ My, to determine the mass
Moo = 3G~ Ragoc03go- Thus the cluster mass that

we measture in this study Magg o< o3, The mass My
contained within the spherical halo of radius Ragoc
can be estimated directly from the critical density,

4
which depends on z: Magy = 37TR%OOC 200p.. In the

adopted cosmological model the system must also be
virialized for the greater radius Ripos ~ 1.3 Ra00c [21].

The relations between the mass Mago of galaxy
systems determined from the dispersion of radial
velocities and the K-band luminosity, as well as
the mass-luminosity relation and other parameters
(based on SDSS DR7 data) for the clusters studied
can be found in our earlier papers [22—24].

To characterize in more detail the structure and
kinematics of A 2040 (by way of example) and also
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Fig. 1. Distribution of galaxies in the A 2040 cluster. The top left panel shows the deviation of radial velocities of galaxies from
the mean radial velocity of the cluster determined from galaxies located within the R2goc radius. The horizontal dashed lines
correspond to +2.70 deviations and the vertical dashed line indicates the Raooc radius. The larger circles indicate galaxies
brighter than My + 1 = —24™; the pluses, the background galaxies, and the crosses, the foreground galaxies. The bottom left
panel shows the integrated distribution of the total number of galaxies (the upper curve) as a function of the squared distance
from the center of the group. The lower curve shows the distribution of early-type galaxies brighter than Mx < —2175. The
circles show the distribution of galaxies designated by circles in the top left figure, the crosses show the distribution of field
galaxies. The dashed-and-dotted line indicates the “splashback” radius Rsp. The top right panel shows the sky distribution
(in equatorial coordinates) of the galaxies presented in the top lelt panel (same designations are used).The circles outline the
region of radius Raooc (dashes) and Ry, (the dashed-and-dotted circle). The region studied is bounded by the circle of radius
3.5R200c (the solid line). The large cross indicates the center of the cluster. The bottom right panel shows the distribution
of radial velocities of all galaxies located inside the Raooc radius (the solid lines shows the Gaussian for cluster members
corresponding to the velocity dispersion for the group). The solid vertical line indicates the average radial velocity of the group

and the dashed lines correspond to £2.7¢ deviations.

its immediate neighborhood, we show in Fig. 1: (1)
deviations of radial velocities of cluster members and
field galaxies from the average radial velocity plotted
as a function of the squared clustercentric radius (the
top left figure); (2) the integrated distribution of the
number of galaxies as a function of the squared ra-
dius (the bottom left figure);(3) location of galaxies
in the sky plane in equatorial coordinates (the top
right figure); (4 )the histogram of radial velocities of all
galaxies located within the radius Rggo. (the bottom
right figure).

The bottom leit figure shows the projected clus-
ter profile (integrated distribution of the number of
galaxies as a function of squared clustercentric dis-
tance), which shows that initial steep increase of the
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number of galaxies followed by linear increase (the
straight line) of the number of galaxies located outside
the virialized region [24]. The dashed line shows the
radius of the virialized region Rago. and the dashed-
and-dotted line shows the radius that we earlier de-
noted as Ry, beyond which the initial steep increase
of the number of cluster members gives way to linear
increase. The lower curve in the same figure shows
the distribution of early-type galaxies brighter than
Mg = —21™5, which we use to refine the radius in
question. Kopylov and Kopylova [24] assumed that it
is the radius of the envelope (halo) surrounding the
virialized region. However, the term halo is usually
employed to denote the dark halo of the cluster and
that is why we changed the designation Rp,, which
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we employed in [24]. Furthermore, a more detailed
analysis showed that for massive galaxy clusters like
A 1656, A 1795 the point beyond which the distri-
bution becomes linear (the radius Ry) is located at
3—4 Ragoc, which is twice farther than reported in[24].
We redetermined the Rj, radii for massive galaxy
clusters. Given that Ry >Rogoc, it can be assumed
that our inferred Ry, radius is equal to the radius
of the virialized cluster region, Ry;,. We found that
the Ry, radius for galaxy clusters studied varies from
1.4Ro00c to 1.84R90g.; on the average, it is equal to
1.55R200c. On the average, the Ry, radius is greater
than RlOOc (R100c ~ 1.3R200C) by 14%, i.e., the ob-
served radius Ry, that we found is most likely equal
to the “splashback”-radius R}, of the galaxy system
(the apocentric radius of galaxy orbits) reached by
galaxies escaping from the virialized region after the
first crossing of the cluster center. Thus the radius
R, separates galaxies, which fall onto the cluster for
the first time, from collapsing galaxies, which already
take part in the establishment of virial equilibrium.

According to N-body simulations [25], this max-
imum “rebound” reached by galaxies is between
1—-2.5 Ryir. Dark halo simulations showed that for
rapidly accreting halo the cluster radius beyond
which the steepness of the halo surface density pro-
file increases abruptly is Ry, = 0.8—1.0 Raoom [26].
For slowly accreting halos R, ~ 1.5Ro00m. The
radius Rg, found for the halo possibly corresponds
to Ry for galaxies. The results of observations of
groups and clusters of galaxies yielded the following
radii: Rsp ~ 1.33Ra00c [27];, the steepness of the
profile of the surface density of galaxies in clusters
(SDSS DRS8 data) begins to increase at the radius
Ry, = 1.43 Mpc [28]; R, = 1.66 £ 0.08 Mpc [29] for
clusters of galaxies (DES Y1 sample). For the six
systems studied the radius Ry, that we inferred from
the integrated distribution of the number of galaxies
as a function of the squared clustercentric distance
is, on the average, equal to 1.55+0.06 Raggc, Or
0.95+0.04 R200m (given that 4R2000 ~ 2.5R200m )
This value is greater than the estimate obtained
in [27], but it is consistent with the results of sim-
ulations (see, e.g., [26]).

The results of the measurements of the properties
of galaxy clusters within the region of radius Rago
for the clusters studied in this paper are summarized
in Table 1: (1) the cluster name; (2) radial velocity
dispersion with the cosmological correction (1 + z)~!
applied; (3)the Rogo. radius in Mpc; (4) and (5)—the
Rooom and Ryp, radii in Mpc; (6) the number of galax-
ies used to determine the redshift and radial velocity
dispersion; (7) measured redshift; (8) the mass Maggc
measured with the error p. corresponding to the o
measurement error.

KOPYLOVA, KOPYLOV

3. THE COLOR-MAGNITUDE SEQUENCE
(“RED SEQUENCE”) OF GALAXY
CLUSTERS IN THE PHASE SPACE

The population of galaxy clusters at small redshifts
0 < z < 0.1 consists mostly of early-type galaxies
(see, e.g., [30]), which are mostly located in central
virialized regions and are the brightest members of
the galaxy systems. The main feature of early-type
galaxies is the dependence of galaxy color on mag-
nitude (the brighter the galaxy the redder it is), which
suggests the existence of the so called “red sequence”
(RS) of galaxy clusters with a small scatter—the uni-
versal [31] sequencer of shapes and dispersion values
spanning at least 8™ (see, e.g., [18]). The properties
of the RS also determine its main applications: iden-
tification of galaxy clusters and determination of their
distances [32]. Early-type galaxies in virialized cluster
regions make up for about 60—70% of all galaxies
brighter than My = 23™3 (see, e.g., [19]). In this
study we use RS galaxies in order to better investi-
gate the peripheral regions of the clusters considered
(R < 3R200c)-

Figure 2 shows the projected phase-space dia-
grams, where AV/o is the ratio of the difference of
galaxy radial velocities and the mean radial velocity
of the cluster to the dispersion of radial velocities
and R/Ryg. is the distance of the galaxy from the
adopted cluster center normalized to the Rogg. radius.
We adopt the coordinates of the brightest galaxy as
the position of the center of the system of galaxies
(except for the A 1656 cluster where we computed the
centroid of galaxies located within the Rago. radius,
which turned out to be close to the radiation center
of the x-ray region). The vertical lines in the figures
indicate the Rogoc Rsp radii. We illustrate in Fig. 1 the
selection of the members of a galaxy cluster within
2.70 by the example of the A 2040, and in these di-
agrams we show only selected galaxies.

We selected early-type galaxies based on the fol-
lowing  criteria  (SDSS, r-band images):
fracDeV > 0.8, where fracDeV is name of the
galaxy parameter in the catalog, which characterizes
the contribution of the bulge to the surface brightness
profile of the galaxy; rgp /750 > 2.6, where the concen-
tration index ¢ = rgg/r50 is equal to the ratio of the
radii containing 90% and 50% of the Petrosian flux.
We further imposed the color constraint A(u —r) >
—0.2, which follows from our inferred dependence of
the u — r color on the Petrosian magnitude for clus-
ters, e.g., for Her system: u — r = —0.078 rpey + 3.81
¢ 20 = —0.2. Figure 3 shows the red sequences of
galaxy clusters based on selected early-type galaxies
satisfying the condition —0.075 < g —r < 0.075.
These galaxies are shown by circles in this figure and
in phase-space diagrams.

ASTROPHYSICAL BULLETIN Vol.73 No.3 2018
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Fig. 2. The velocity vs. radius phase-space diagram for galaxy clusters A 1656, A 1314, A 2052, A 1139, A2107, and A 2040.
Velocity is the ratio of the difference of the radial velocities of galaxies and the average radial velocity of the cluster to the
dispersion of radial velocities. The radius R/ Raooc is equal to the clustercentric distance of the galaxy normalized to the Raooc
radius. The filled circles show early-type galaxies of the RS. The dashed and dashed-and-dotted lines indicate the R2poc and

Ry radii, respectively. Galaxies are selected within the 2.7¢ limits.
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Table 1. Dynamic properties of galaxy clusters

Cluster Ra00c, R200m, Rsp, N, o Mazo0c,
kms™ Mpc Mpc Mpe 10 Mg,
(1) (2) 3) @) (5) 6) (7 (8)
A1656 921434 2.255 3.62 4.17 717 0.023250 13.33 4+-1.48
A 1314 492453 1.182 1.89 1.82 85 0.032443 1.94+0.72
A 2052 623+58 1.517 243 2.12 116 0.034726 4.10+£1.15
A1139 459451 1.115 1.79 1.64 80 0.039327 1.64+0.55
A2107 581455 1.411 226 2.17 113 0.041335 3.32+£0.95
A2040 589 +59 1.427 2.29 2.23 100 0.045242 3.45+1.04
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Fig. 3. Color-absolute magnitude diagrams (g—r, M;). The filled circles show the RS of galaxy clusters.

Note that the bulk of RS galaxies are located
in central parts of clusters within our inferred Ry
radius. However, at the same time a part of the
galaxies are located at the clustercentric distance
3Ropoc. We found that the fraction of early-type RS
galaxies decreases by a factor of two from 0.51 + 0.02
within R < 1R/Rspo. down to 0.25+0.02 within
2R/Roooc < R < 3R/Rap0c. Beyond the Rg, radius
(which, on the average, is equal to 1.55 4+ 0.06 Ragoc )
fracg is also equal to 0.25+£0.03. The results of
our study of the variation of the fraction of early-type
galaxies along the normalized radius are summarized
in Table 2.

To compare the results obtained for galaxy clus-
ters (i.e., dense regions) with those obtained for

low-density regions, we selected two regions free
of galaxy clusters (practically, field regions), and
determined the corresponding fraction of early-type
galaxies based on SDSS DRI10 data. Our selected
cluster-iree fields are located between the Hercules
and Leo superclusters: the first field is centered at
1425, 35°, has a radius of 300 arcmin and spans the
redshift interval 0.030 < z < 0.045, and the second
field is centered at 1395, 5°, has the same size
and its objects span a similar redshift interval. We
select early-type galaxies in these fields based on
the same criteria: fracDeV > 0.8, r99/150 > 2.6,
(g —r)>0.65. We described the measurement of
K-band luminosities in our earlier papers [22, 23].
The first field contains a total of 219 galaxies with

ASTROPHYSICAL BULLETIN Vol.73 No.3 2018
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My < —21™5 including 49 early-type galaxies, i.e.,
the fraction of early-type galaxies is 0.22 + 0.04. We
found 147 galaxies including 40 early-type galaxies
in the second field, where the corresponding fraction
is 0.27 £0.05. The fraction of early-type galaxies
averaged over the two fields is 0.24 £0.01. As we
pointed out above, similar fractions—0.25 + 0.02
and 0.25 4+ 0.03—are observed in galaxy clusters
within their nearest neighborhood, 2 < R/Rapoc < 3
and R > Rg, (Table 2). The fraction of early-type
galaxies within the 1 < R/Rapoc < 2 clustercentric
distance interval is higher than in the field and equal to
0.36 £ 0.05. We thus showed that most of the early-
type galaxies of the cluster is contained within the
radius R < Ry, determined from observations: some
of them are already virialized and some (according
to simulations performed by Rhee et al. [14]) have
escaped from the virialized region and will again
return to it after reaching the orbital apocenter Ry,
inferred here.

4. SPECIFIC STAR-FORMATION RATE IN
GALAXY CLUSTERS

The first determinations of the star-formation
rate in galaxies were published in [33, 34]. The
specific star-formation rate (sSFR) in a galaxy is
defined as the integrated star-formation rate divided
by the stellar mass, sSFR = SFR/M,. The SDSS
catalog (DR10) gives the inferred stellar masses
of galaxies and their specific star-formation rates
determined by fitting FSPS models [35]. The fits are
based on extinction-corrected SDSS wu,g,r,i, and
z-band model magnitudes and “early-star formation
with dust” version.

The galaxy clusters studied here have masses
spanning the log Mago.[Me] = 14.21—15.12 inter-
val. Figure 4 shows the sSFR distributions for all
galaxies (Fig. 4p) and separately for galaxies with
stellar mass in the intervals (in Mg): log M, =
9.5—10.0, 10.0—-10.5, 10.5—11.0, and 11.0—11.5.
The distribution has a long tail on the leit side.
The distribution for each cluster is shown by an
individual line. The distribution usually has a min-
imum separating galaxies with ongoing star for-
mation (active galaxies) from galaxies with sup-
pressed star formation (quenched galaxies). Con-
spicuous bimodality of the distribution and the min-
imum corresponding to log sSFR[yr—!] = —11 were
found, e.g., in [5], where sSFR was determined

from Ho emission and discontinuity at 4000 A.
As is evident from Fig. 1 in the above paper, in
the halo mass interval log Myqa0[Mg] = 14.3—15.0
(as in the case of the galaxy clusters that we in-
vestigate in this study) the minimum in the dis-
tribution is poorly defined, although the peak is

ASTROPHYSICAL BULLETIN Vol.73 No.3 2018
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quite conspicuous. In our case it is evident from
Fig. 4a that the minimum in the distributions for
three galaxy clusters studied (A 1314, A 1656, and
A 2107) corresponds to log sSFR[Gyr—!] ~ —1.5, or
log sSFR[yr~1] ~ —10.5, whereas the distributions
for the three remaining systems have minima at lower
values, and we therefore adopted for all system the
common minimum equal tolog sSFR[Gyr—!] = —1.75.
The log sSFR[Gyr~!] ~ —2.2 corresponds to the
maximum. Wetzel et al. [5] determined that for
SDSS DR7 galaxy systems the fraction of quenched
galaxies increases with stellar mass of galaxies.
We show the dependence of the sSFR distribution
on stellar mass of the galaxy log M, in Fig. 4b—
4e. Note that star formation in galaxies with stel-
lar masses log M, = 11.0—11.5 (Fig. 4d) is sup-
pressed, like is the case in the stellar mass interval
log M, = 10.5—11.0. In the stellar mass interval
log M, = 9.5—10.0 the fraction of galaxies with sup-
pressed star formation exceeds the fraction of “active”
galaxies only in the clusters A 1656 and A 1139,
whereas other clusters contain a significant fraction
of “active” galaxies.

Density in galaxy clusters decreases withe dis-
tance from the adopted center, and the location of a
galaxy at a certain radius is related to the time when
it arrived in the cluster (see, e.g., [4]). Fig. 5 shows
the fractions of quenched galaxies as a function of
projected cluster radius normalized by Ragoc. Galaxy
clusters are binned according to the Mg mass:
A 2040, A 2052 and A 2107, A 1139 and A 1314, and
the richest cluster A 1656 is considered individually.
Fig. 5a shows the total fraction of galaxies with sup-
pressed star formation in the clusters considered for
all stellar masses, and Figs. 5b—5e show this galaxy
fraction for each stellar-mass interval separately.
The total fraction of galaxies with suppressed star
formation from the mean value of 0.87 & 0.02 within
0—-0.25 R/RQOOC to 0.43 £ 0.03 within 2—3 R/RQOOC.
Thus the fraction of galaxies with suppressed star
formation decreases to 3R/ Ragoc by 51%. The most
significant variations of the fraction of quenched
galaxies can be seen in Fig. 5b for low-mass galaxies
with stellar masses log M,[Mg] = 9.5—10.0, except
for the A 1656, which a system with a mass of
Maooc[Me] > 10, Star formation is suppressed
practically in all galaxies with stellar masses
log M, [Mg] = 10.5—11.5 (Fig. 5d and, especially,
Fig. 5e). The last bin contains too few galaxies and
therefore the curves are poorly outlined. Note that
some of the galaxies in central regions (4% in A 1656
and 2% in other clusters) having spectral information
in SDSS DRI10 lack star-formation rate measure-
ments. We found the mean fraction of galaxies with
suppressed star formation (averaged over two fields)
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Fig. 4. Distribution of specific star-formation rates (sSF'R) of galaxies: (a) for all galaxy clusters; (b), (c), (d), and (e) for
subsamples of galaxies binned by stellar masses. The masses Magoc and M, are in M.
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Fig. 5. Fraction of galaxies with suppressed star formation (log sSFR[Gyr™!] < —1.75) as a function of projected cluster-
centric distance. Clusters are grouped by mass. Panel (a) shows the fraction for all clusters, and panels (b), (c), (d), and (e)—the
corresponding fractions for subsamples of galaxies of these clusters binned by stellar mass. The dashed-and-dotted line in each
figure shows the fraction of quenched field galaxies. Masses Mago and M, are in M.
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satisfying the condition log sSFR[Gyr~!] < —1.75.
It is equal to 0.32 4- 0.07, which is less by 63% than
in central regions of galaxy clusters and less by 55%
than within the Ry, radius, or less by 26% than within
2—3 R/ Rapc-

Haines et al. [4] show for 30 galaxy clusters
with 0.15 < z < 0.30 that even within the 3Rsggc
the fraction of galaxies with ongoing star formation
is lower and hence the fraction of galaxies with
suppressed star formation is higher than in the field.
Wetzel et al. [36] established, based on SDSS R7
data, that excess of galaxies with suppressed star
formation is observed outside the virial radius of
the system of galaxies (down to 2.5R; ). Thus
even outside virialized regions of galaxy clusters the
fraction of quenched galaxies remains higher than in
the field. Spirals, which are not classified as early-type
galaxies, also contain a fraction of galaxies with sup-
pressed star formation. We determined this fraction
among spiral galaxies by parameters du — r < —0.2,
deV fr < 0.8and rgy/rs0 < 2.6. As expected, central
regions of galaxy clusters (0—0.25 R/ Rapoc) contain
no spiral quenched galaxies, the fraction of these
objects is maximal outside the virialized region within
1—2 R/ Rogoc, Where it amounts, on the average, to
0.11 £ 0.02 (except the clusters A 1139 and A 1314).
In the clustercentric interval 2—3 R/Rapo. spiral
quenched galaxies with a mean fraction of 0.14 £ 0.06
can be found only in the A 1656, A 2107, and A 2052
clusters. In dense environments in galaxy clusters
spiral galaxies with suppressed star formation are
found and their fraction is higher than in the field [37].
The dashed-and -dotted curves in Fig. 5 show the
fractions of quenched galaxies in the field for each
interval of stellar masses. Note that the fraction of
such galaxies in the field is practically close to the
fraction for clusters only among the most massive
systems (Fig. 5e), especially in the massive system
A 1656. The are few galaxies in this interval in less
massive systems.

Galaxies with ongoing and suppressed star for-
mation have different velocity radial-velocity dis-
persions, which in the former are 10—35% higher
than in the latter [4]. To demonstrate this, we show
the dependence of the space distribution of galax-
ies and their kinematic properties on specific star-
formation rate subdivided into four bins (Fig. 6).
The sizes of symbols in the figure correspond to
these bins: the large symbols correspond to “active”
galaxies with logsSFR[Gyr—!] = —1.75... — 1.35,
—1.35... — 1.05; the small symbols, to galaxies with
suppressed star formation with
log sSFR[Gyr~!] = —1.75... — 4.00, and —4.00—all
the remaining galaxies. For each bin we determined
the average clustercentric distance of population
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Fig. 6. Variation of the space distribution and kinemat-
ics of galaxies in clusters as a function of their specific
star-formation rate (log sSFR) in four bins. The bins
logsSFR[Gyr™'] = —1.75... —1.35, —1.35... — 1.05
and, correspondingly, “active” galaxies where stars firm
are indicated by large symbol, whereas small symbols
indicate the bins log sSFR[Gyr~'] = —1.75... — 4.00,
—4.00—the remaining objects (galaxies with suppressed
star formation).

members normalized to the cluster radius Raggc,
(R)/ Ra0oc, and the dispersion of their radial velocities
normalized to the radial-velocity dispersion of the
cluster within Ragoc. The large symbols denote “ac-
tive” galaxies with ongoing star formation and small
symbols, galaxies with suppressed star formation. All
galaxy clusters exhibit a common trend—galaxies
with ongoing star formation (especially those with
log sSFR > —1.35) are, as a population, located
far from the cluster center and have higher radial-
velocity dispersions than galaxies with suppressed
star formation. These objects, which are located
outside the virial radius Ragge, most likely form the
population of infall galaxies—the future members of
of the cluster.

Table 2 presents the results of the measurements
of the fraction of quenched galaxies along the nor-
malized cluster radius and the fraction of early-type
galaxies on the RS. Column (1) gives the name of the
system, and the other columns give the range of nor-
malized radii (R/Ra00c and Rgp). The first line gives
the fraction of early-type galaxies on the RS, fracg,
and the second column, the fraction of galaxies with
suppressed star formation, frac,.
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Table 2. Variation of the fraction of early-type galaxies and galaxies with suppressed star formation along the radius

Cluster Fraction 0—0.25 R/Ragoc 0—1 R/Ragoc |—2 R/Raopoc 2—3 R/Raooc 0—1Rsp  1Rs,—3R/Rapoc
A1656 fracg 0.73+£0.11 0.54£0.05 0.50£0.07 0.25£0.06 0.50+0.04 0.22+0.03
fracg 0.79+0.12 0.75£0.06 0.68£0.09 0.42+0.09 0.74£0.05 0.42+0.08
A1314  fracg 0.57+0.25 0.51+£0.12 050£0.23 0.33£0.22 0.51+0.11 0.36 £0.16
fracg 0.93 +0.36 0.77+0.16 0.57£0.25 0.33£0.22 0.74+0.14 0.36 +0.21
A2052 fracg 0.50+£0.18 0.52+0.10 036+£0.11 0.26+0.06 0.49£0.09 0.23+0.05
fracg 0.91+0.28 0.84+0.14 0.45+£0.12 042+0.09 0.80+0.13 0.41+0.08
A1139  fracg 0.62 +0.35 0.44+0.10 0.15£0.08 0.15+£0.12 0.36+0.08 0.20+0.07
fracg 0.86 £ 0.34 0.64+0.12 0.27+£0.12 045+0.15 0.64+0.12 0.37+0.10
A2107 fracg 0.69+£0.19 0.57+£0.06 038£0.09 0.284£0.10 0.50£0.08 0.31+0.08
fracg 0.91+0.23 0.78+0.12 0.56+£0.13 0.55£0.17 0.73£0.10 0.55+0.15
A2040 fracg 0.64 £ 0.20 0.49+0.09 0.27£0.08 0.22+£0.08 0.43+0.07 0.20%+0.05
fracg 0.84 £0.25 0.67+0.11 0.51+£0.12 0.40+£0.12 0.61+0.09 0.45+0.11

5. CONCLUSIONS

In the field (outside clusters and groups of galax-
ies) the morphology of galaxies and star formation in
them are independent of each other—low star for-
mation rate is associated with early-type galaxies,
whereas high star formation rate is found in late-
type, spiral galaxies. Galaxies in clusters come un-
der special conditions, they are more affected by hot
virialized gas inside clusters, whereas other galaxies
exert less influence. Furthermore, galaxies falling into
clusters together with groups are supposed to have
already been affected by the gas of the groups (see,
e.g., [4]). Simulations demonstrate radial gradient of
star formation in galaxy clusters, which reflects the
dependence of galaxy properties on the clustercentric
distance and time when they accreted onto the cluster
(see, e.g., [3]). The phase-space diagrams that re-
late the projected radial-velocity dispersions and pro-
jected clustercentric distance, are most suitable for
studying this phenomenon (see, e.g.,[4, 9—11, 14]).

We used SDSS catalog data for six galaxy clus-
ters, A 1656, A 1139, A 1314, A 2040, A 2052, and
A 2107, to investigate the gradients of specific star
formation rate along the radius, determined the frac-
tion of galaxies with suppressed star formation within
the virialized regions and in within the nearest out-
skirt (out to 3R/ Ragoc ) and compared the results with
those for field galaxies.

We obtained the following results:

(1) The specific star formation rate in the galaxy
systems studied (log Magpe[Mp] = 14.21-15.12)
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has a peak at logsSFR[Gyr~!] ~ —2.2, and the
adopted minimum in the distribution is at the value
of logsSFR[Gyr~!] ~ —1.75, which we use to
separate objects into “active” galaxies with ongoing
star formation and galaxies with suppressed star
formation.

(2) Galaxy clusters show radial gradient of sSFR.
The fraction of galaxies with suppressed star for-
mation is maximal in central regions amounting
to 0.87 £ 0.02 within 2—3 R/Rapoc, Whereas it is
equal to 0.43 +0.03 beyond Rg,. This value that
we obtained for peripheries of galaxy clusters is
greater by 26% than the corresponding value for
field galaxies. Significant variations of the fraction
of galaxies with suppressed star formation along the
radius are observed in systems with stellar masses
log M,[Mg] = 9.5—10.0 (the only exception is the
cluster A 1656 with Mago.[Me] > 10'%). Galaxies
with ongoing star formation in clusters have, on the
average, higher radial-velocity dispersions and are
located farther from the center.

(3) The red sequence of early-type galaxies with a
small scatter is the main feature of galaxy clusters,
because their virialized regions consist of luminous
early-type galaxies, which make up for 60—70% of
such objects. We show that outside Ry, the fraction

of fracg (within 2—3 R/ Rspo.) becomes as low as
in the field.
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