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Abstract It is well known from the Butcher-Oemler effect that galaxies in dense environment are mostly
red with little star formation and the fraction of blue galaxies in galaxy groups/clusters also declines rapidly
with redshifts. A recent work by Hashimoto et al. reported a local ‘blue cluster’ with a high fraction of
blue galaxies (∼ 0.57), higher than the model predictions. They ascribed this blue cluster to the feeding
of gas along a filamentary structure around the cluster. In this work we use group catalog from the Sloan
Digital Sky Survey Data Release 7 (SDSS DR7) and the state-of-art of semi-analytic model (SAM) to
investigate the formation of blue clusters in the local Universe. In total, we find four blue clusters with halo
mass∼ 1014M⊙ at 0.02 < z < 0.082, while only the one found by Hashimoto et al. is in a filamentary
structure. The SAM predicts that blue clusters have later formation time and most blue satellite galaxies are
recently accreted. We conclude that the formation of blue clusters is mainly governed by newly accreted
blue satellites, rather than the effect of large-scale environment.
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1 INTRODUCTION

In observation, blue galaxies have higher star formation
rate and younger stellar population than red galaxies
(Kauffmann et al. 2003; Brinchmann et al. 2004). There
are a few physical mechanisms to transfer blue galaxies
into red galaxies by reducing their star formation rate. For
example, for central galaxies, AGN feedback can reduce
the cooling rate of hot gas (Henriques et al. 2019; Guo
2011) to stop the accumulation of cold gas. While for
satellite galaxies, environment effect like gas strippingcan
lead to a rapid decline in star formation and reddening
in color (Baldry et al. 2006; Wang et al. 2007). Therefore,
a blue galaxy accreted into a cluster will gradually
become red. This is known as the Butcher-Oemler effect
(Butcher & Oemler 1984), in which the number fraction
of star-forming galaxies (blue fraction) in clusters reduces
with decreasing redshifts and blue fraction of massive
clusters is found to be less than 0.2 sincez < 0.1.

Using the data from DEEP2,Gerke et al.(2007) found
that the blue fraction in groups at0.75 < z < 1.0

is around 0.6, which declines rapidly with decreasing
redshifts. For example,De Propris et al.(2004) found from
the 2dFGRS data (Colless et al. 2001) that the blue fraction
in groups is between 0.0 and 0.6 with a mean of 0.1
at z ∼ 0. Thus group or cluster with higher fraction
of blue galaxies is not expected in the local Universe.
Recently,Hashimoto et al.(2019) (hereafter H19) found
a blue cluster with high fraction of blue galaxies (0.57 ±

0.06) with halo mass around2.0+1.9
−1.0 × 1014 M⊙ at z ∼

0.06 in the Sloan Digital Sky Survey Data Release 7
(SDSS DR7) (Abazajian et al. 2009). Actually, there has
been no clear definition of blue cluster in the literature
regarding to the fraction of blue galaxies in a cluster. In
this paper, we follow the usual case to define a blue cluster
with blue fraction larger than 0.5. Using filaments catalog
from the SDSS (Tempel et al. 2014), H19 discovered that
this blue cluster is in a large-scale filamentary structure.
They interpreted it as the evidence of environmental effect
where the cold gas is accreted along filament to feed
the blue galaxies. However, according to the simulation
results (e.g.,Dekel & Birnboim 2006; Dekel et al. 2009),
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the accretion of cold gas along filament will be shock
heated and direct feeding is not expected in massive haloes
(> 1012M⊙).

Although one particular blue cluster will not violate
the general picture of galaxy evolution in cluster, it
is interesting to investigate how this could happen
and which mechanism is responsible for this particular
blue cluster found by H19. Considering the extreme
scarcity of a blue cluster, it is also possible there is
contamination in the algorithm of cluster finding. For
example, H19 used the conventional friends-of-friends
(FOF) algorithm to define a cluster. It is well known
clusters found using the FOF algorithm depend strongly on
the linking length and relative velocities between member
galaxies (Aguerri et al. 2007). Meanwhile, the theoretical
predictions vary among the models. H19 compared the
blue fraction with two semi-analytical models (SAMs),
namely the GALACTICUS (Benson 2012) and ν2GC
(Ishiyama et al. 2015; Makiya et al. 2016). It has been
learned that the fraction of blue galaxies is under-predicted
in most SAMs. Given the serendipity of this blue cluster
and the uncertainty in modeling, one should take caution
when comparing the data with theoretical predictions.

In this work, we use the group catalog constructed
by Yang et al.(2007) from the SDSS DR7 data to find
blue clusters and compare the results with the prediction
from the L-Galaxies (Henriques et al. 2015) which has
been shown to well reproduce the fraction of red and
blue galaxies in different haloes. Our main goal is to
find what is the fraction of blue cluster in the Yang et
al. catalog and how it is dependent on the group finding
algorithm, and in particular, we want to quantify if the
formation of blue cluster is due to the effect of large-scale
environment. The structure of this paper is as follows. In
Section2 we describe the selection of sample from the
observation and the L-Galaxies model. Section3 presents
the statistical results from group catalog. In Section4, we
compare the statistical properties of blue clusters with red
clusters in the L-Galaxies. We then conclude all of the
results in Section5. Throughout this paper, we adopt the
Planck14 cosmology (Planck Collaboration et al. 2014):
(Ωm,ΩΛ,Ωb, h)=(0.315, 0.685, 0.0487, 0.673).

2 SAMPLE SELECTION

2.1 SDSS DR7 Group Catalog

We construct a volume-limited galaxy sample extracted
from Sample C of SDSS DR7 group catalog (Yang et al.
2007, 2008, 2009) within 0.02 < z < 0.082, which
is same as H19. It is well known that some galaxies in

SDSS do not have measured redshifts due to the fiber-
collision effect. Yang et al. (2007) have discussed this
effect and argued that most fiber-collision galaxies have
redshifts within 500 km s−1 of their nearest neighbor
(Zehavi et al. 2002). They assigned a fiber-collision galaxy
the redshift of its nearest neighbor and also combined
ROSAT X-ray cluster catalog. Hence, this effect may
not affect our results significantly. In recent years,
LAMOST survey has produced a complementary galaxy
sample (Luo et al. 2015; Shen et al. 2016; Zheng & Shen
2020), andLim et al. (2017) modified the group finder of
Yang et al.(2007) with a 100% redshift complementary
galaxy sample. These efforts might reduce the impact of
fiber-collision effect, but in this paper we still use the Yang
et al. group catalog.

We get the group information and cluster halo mass
from this group catalog. The stellar mass, magnitude of
different bands and star formation rate are from MPA-
JHU catalog. The morphology of galaxy is from catalog
of Tempel et al.(2011). We exclude faint galaxies with
r-band absolute magnitude,Mr, fainter than –20.1 mag,
to ensure the completeness of the SDSS spectroscopic
observations both for faint galaxies at higherz and brighter
galaxies at lowerz. Figure1 shows ther-band absolute
magnitude and redshift relation in the SDSS DR7 group
catalog. The red dashed region represents the selected
sample from group catalog for completeness.

H19 apply the FOF algorithm to galaxies in high-
density region with a projected linking length of 0.75 Mpc
to find clusters, and they find member galaxies of cluster
with a projected distance less than this linking length
and velocity difference below 1000 km s−1. In fact a
projected distance of 0.75 Mpc is roughly the projected
virial radius of cluster with halo mass around1014M⊙.
The choice of fixed linking length in H19 may have two
effects. First, they may not be able to find cluster with
mass larger than1014M⊙ or the massive cluster will be
artificially split. Second, they may miss member galaxies
at the outskirts of the cluster, which may be dominated
by blue satellites. We will later discuss the limitation of
their choice. Compared with FOF algorithm, the algorithm
used byYang et al.(2007) to find group catalog performs
much better (Lim et al. 2017). Consequently, the number
of members from our group catalog is usually larger than
that from H19.

In this paper, we calculate,N , the number of galaxies
whose projected distance from the central galaxy are less
than the projected virial radius of cluster, and with relative
velocities to the central galaxy less than 1000 km s−1. As
pointed by H19,N is a good indicator of local environment
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Fig. 1 Ther-band absolute magnitude and redshift relation in the SDSS DR7 group catalog. The galaxies inside thered
dashed region are selected as our volume-limited sample.
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Fig. 2 A histogram of the number of galaxies within projected virial radius of clusters in SDSS DR7 group catalog (upper
panel) and L-Galaxies (lower panel). Thevertical dashed lines correspond to3σ from the mean value of projected galaxy
number of cluster.

of a cluster. In the upper panel of Figure2, we plot
the histogram ofN from the SDSS DR7 group catalog.
The vertical dashed line is where the cluster environment
density is above3σ of the average environment density. In

general, cluster in low-density region (lower than3σ) have
member galaxies less than 15.

To classify galaxies into red and blue, we use their
specific star formation rate (sSFR).Henriques et al.(2015)
compared volume-limited sSFR distribution of L-Galaxies
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Fig. 3 The fraction of blue galaxies as a function of the cluster halo mass (left panel) and1/(tcH0) (right panel) in
SDSS DR7 group catalog.Gray andblue points are the clusters with number of member galaxies larger than 10 and 15
separately.Black solid line represents the median values, andred dashed line indicates that blue fraction of clusters is 0.5.
Thered point is the blue cluster found by H19.

with that of SDSS galaxies in different stellar mass bins.
The color of mock galaxies is slightly bluer than SDSS
galaxies in some stellar mass bins. However, there is a
clear bimodal distribution of sSFR in both L-Galaxies and
SDSS, and the threshold value is about10−11 yr−1. In this
paper we divide galaxies with sSFR larger than10−11 yr−1

as blue galaxies, to follow the popular threshold in
the literature (Mcgee et al. 2011; Hearin et al. 2015). In
the following part of this paper, the blue galaxies are
sometimes called star-forming galaxies and red galaxies
are called quenched galaxies. We also usefb to represent
the number fraction of blue galaxies in each cluster.

2.2 L-Galaxies Sample

To construct the model group catalog, we use galaxy
catalog atz ∼ 0.05 from the L-Galaxies sample which
is implemented on Millennium Simulation (Springel et al.
2005). To be consistent with the analysis we have done
for the SDSS group catalog, we implement a magnitude
limit with Mr = –20.1 mag and transfer the 3D physical
distance to projected distance along the X axis, and use
Vx to calculate the relative velocity between two galaxies.
Then we calculate the environment density of cluster in
L-Galaxies as we have done in Yang group catalog. In
lower panel of Figure2 we plot the environment density
distribution from the L-Galaxies model. As in the upper

panel, the dashed line indicates the galaxy density is3σ of
the mean distribution. We note that at given environment
densityN , the model group catalog contains more clusters
than the SDSS data. This happens because our model
galaxies are in a large-volume (box size∼714 Mpc) than
the volume-limited SDSS data. We do not normalize them
to the same volume because the distribution of SDSS
volume-limited group catalog is more sparse in the space
and being difficult to calculate the actual space volume.
The large number of cluster from the model enable us to
minimize the statistical uncertainty.

3 RESULTS FROM THE SDSS DR7 GROUP
CATALOG

To calculate the blue fraction of clusters and cross time
more accurately, we exclude clusters whose number of
member galaxies is less than 10. In the analysis of H19,
the minimum halo mass of clusters in densest environment
is about1013.8M⊙. We also remove clusters whose halo
mass is less than1013.8M⊙. Here we also calculate the
cross timetc for each cluster, defined as (Ai & Zhu 2018;
Tully 1987),

tc =
1.511/2Rrms

31/2σP
. (1)

The parametertcH0 represents the rough time that a galaxy
crosses the cluster, and its reciprocal is the maximum
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Fig. 4 Large scale structure map for four clusters whose fraction of blue member galaxies is larger than 0.5. The cluster
in panel (a) is found by H19.Red andblue points correspond to blue and red galaxies respectively. The region of 10 Mpc
around of cluster center (black cross) is indicated by ablack circle. We note the cluster member galaxies are not shown
in this region. The inner box (represents2.5 × 1.5 Mpc region) of each panel shows the member galaxies distribution of
cluster, thetriangles indicate galaxies found by H19.

number of times of a galaxy has crossed the cluster since
forming (Hickson et al. 1992). tc can also be used to
represent cluster age (Diaferio et al. 1993), and in general
young clusters have largetc and vice versa.Rrms is the rms
projected radius of clusters (Berlind et al. 2006) andσP is
the projected velocity dispersion.

Figure 3 shows the blue fraction of clusters as a
function of halo mass and1/(tcH0). The gray points are
for all clusters with halo mass larger than1013.8M⊙ in
all environment and blue points are for those only in
high-density regions (with density higher than3σ of the
average). The horizontal red dashed line is the cluster with
blue fraction of 0.5. Figure3 shows that the blue fraction
of clusters decreases with increasing halo mass and

1/(tcH0), consistent with other work (Hashimoto et al.
2019; Wang et al. 2018; Baldry et al. 2006). For clusters in
high-density regions, we found four blue clusters whose
blue fraction is larger than 0.5, one of them (red point)
is the one found by H19. As the number of member
galaxies of cluster in low-density region is lower than 15,
the calculation of blue fraction has larger error, we will
not discuss them in the following. Compared with H19,
we found more blue clusters in high-density region. We
note that H19 did not find the other three blue clusters
in our work, it is not because they applied a mass cut to
their catalog. They applied their cluster finding algorithm
to galaxies in high-density region which leads to halo
mass with a lower limit of1013.8M⊙. We also apply the
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Fig. 5 Mean fraction of blue galaxies (left panel) and spiral galaxies (right panel) for two kinds of clusters as a function
of specific projected radius in SDSS DR7 group catalog. The morphology information of galaxies is from catalog of
Tempel et al.(2011). Theblue andred points represent mean value of blue and red clusters respectively.The error bar
is 1σ deviated from mean values. The inner figure of left panel is the zoomed results within projected virial radius of
clusters.
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Fig. 6 Projected velocity dispersionσP (left panel), rms projected radiusRrms (middle panel) and1/(tcH0) distribution
(right panel) for blue clusters (blue dashed line) and red clusters (red dashed line) in SDSS DR7 group catalog.

cluster finding algorithm of H19 to the four blue clusters
in our sample, and find that they all have mass larger than
1013.8M⊙, similar to the halo mass in Yang et al. catalog.
Thus H19 failed to find more blue clusters mainly due to
their fixed linking length which is too small for massive
clusters, not the halo mass cut in their analysis.

We select these four blue clusters to examine their
large-scale environment in Figure4. The upper left panel
is for the blue cluster found by H19. Here we plot the
spatial distribution of galaxies within 40 Mpc from these
blue clusters (but member galaxies of the clusters are not
shown). In each panel, we use black cross to represent
the cluster center that is the median values of coordinates
of member galaxies. The red and blue points are for red
and blue galaxies respectively. The black circles denote

the region with 10 Mpc of radius around the cluster center
and all member galaxies of the cluster are shown in the
inserted panel. The large-scale galaxy distribution around
blue cluster in Panel (a) shows a filamentary structure and
the cluster is located at the intersection of two filaments.
The fraction of blue galaxies (except cluster members)
within 10 Mpc around this cluster is larger than 0.6, while
the other three clusters do not show such high fraction
(about0.3 ∼ 0.5). This large-scale galaxies distribution
is similar to that found by H19, and seems to support their
argument that this blue cluster is feeding by more infalling
blue galaxies or gas accretion along the filament. However,
by checking the other three blue clusters, we do not find
any filamentary structure around, neither any preferential
blue galaxies on large scales. Thus, we conclude that
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Fig. 7 The fraction of blue galaxies as a function of halo mass (left panel) and formation time (right panel) in L-Galaxies.
Black solid line represents median values.
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Fig. 8 Mean fraction of blue galaxies as a function of specific projected radius in L-Galaxies. Theblue andred points
represent mean value of blue and red clusters respectively.The error bar is1σ deviated from mean values. The inner figure
is the zoomed results within projectedRvir of clusters.

not all blue clusters are formed due to the large-scale
environment.

The four blue clusters have similar halo mass between
13.8 < log (Mh/M⊙) < 14.2. To investigate their
properties in detail, we select all clusters within this mass
range and divide them into blue clusters withfb ≥ 0.4

and red clusters withfb ≤ 0.2. Note that here we use
fb = 0.4 rather0.5 to divide clusters into blue clusters,

purely for the purpose of increasing the sample size. We
have tested that our results are not significantly affected
by this choice. We plot the mean fraction of blue galaxies
for the two samples as a function of projected distance
from the cluster center in the left panel of Figure5, and
we show the mean fraction of spiral galaxies in the right
panel. We find that blue fraction in red clusters is less than
blue clusters within2Rvir, while they have similar values
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Fig. 9 Stellar mass fraction (left panel), cold gas fraction (middle panel) and hot gas fraction (right panel) distribution
of central galaxies for two kinds of clusters in L-Galaxies.Thered andblue dashed lines represent red and blue clusters
respectively.
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Fig. 10 Same as Fig.9 but for satellite galaxies for two kinds of clusters.
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Fig. 11 Formation time of clusters distribution (left panel) and infalling time of satellite galaxies distribution (right panel)
in L-Galaxies. Theblue andred dashed lines represent blue and red clusters respectively.

on large scale. This result is consistent with other work
(Bray et al. 2016; Hearin et al. 2015), which found that the

quench of galaxies basically happens on scales around the
size of the cluster virial radius. The same trend is also seen
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for the fraction of spiral galaxies in blue and red cluster,
though the effect is more mild.

We zoom in the radial distribution of blue fraction
in the inserted panel in left panel of Figure5. It is
seen that the fraction of blue galaxies increases with the
distance to the cluster center, showing that blue galaxies
reside preferentially in outskirts of the cluster.Wetzel et al.
(2012) also found a similar result that the fraction of
quenched galaxies decreases as projected radius within
virial radius of clusters in the SDSS DR7 group catalog. As
mentioned in Section 2, FOF method may not find member
galaxies that live in outskirt of cluster, thus it has high
probability to miss the blue galaxies at cluster outskirts.
In particular, we show the member galaxies distribution of
four blue clusters in Figure4, the triangles of panel (a)
represent member galaxies found by H19, we note that
missed galaxies reside in outskirt of this cluster. This also
explains why H19 just found one blue cluster whose blue
fraction is larger than 0.5 while we find 4 from the our
group catalog.

We also compare the distributions of projected
velocity dispersionσP , the rms projected radiusRrms

and1/(tcH0) for blue and red clusters in Figure6. It is
found these clusters with similar halo mass have similar
distribution of Rrms, but blue clusters have lowerσP ,
thus lower1/(tcH0) (see Eq. (1)). As mentioned above,
1/(tcH0) can be as an indicator of cluster age. This
result suggests that blue clusters formed later than red
clusters. These results are also consistent with previous
work (Hashimoto et al. 2019; Aguerri et al. 2007).

4 RESULTS FROM THE L-GALAXIES MODEL

Now we show the results from the mock catalog
constructed using the L-Galaxies model. As we have done
for observational data, we exclude clusters whose number
of member galaxies less than 10 and halo mass lower
than1013.8M⊙. We plot the blue fraction of clusters as
a function of halo mass and formation time in Figure7.
Usually the formation time,Zf , is the time when the
main branch of halo merger tree has assembled half of its
present mass (Tojeiro et al. 2017; Li et al. 2008), which is a
good indicator of cluster age (Shi et al. 2018; Tojeiro et al.
2017) that old clusters have large formation times and vice
versa. We find that blue fraction declines with halo mass
and formation time increasing, which is consistent with
observation shown in Figure3. We note that the L-Galaxies
model seems to predict higher fraction of blue cluster than
the observational data. This happens because the model
slightly over-predicts the fraction of blue galaxies in low-
mass galaxies, as shown inHenriques et al.(2015).

We also show the mean fraction of blue galaxies in
blue and red clusters as a function of specific projected
radius in Figure8. Again here the clusters whose halo mass
is between1013.8M⊙ and1014.2M⊙ are divided into blue
clusters withfb ≥ 0.4, and red clusters withfb ≤ 0.2.
We find the similar results as observation (see left panel of
Fig. 5), which confirms that star-forming galaxies reside
preferentially in clusters outskirts and blue fraction of
clusters is affected mainly by local environments.

Up to now, we did not distinguish the satellite
galaxies from the centrals. To see which type of galaxies
contributes most to the blue fraction, we show their stellar
mass distribution, hot gas distribution and cold gas mass
distribution in Figures9 and10, for central and satellite
galaxy respectively. We find that baryon fraction of central
galaxies is similar in both blue and red clusters, while
the cold gas of satellite galaxies in blue clusters is higher
than those in red clusters. This indicates that the blue
clusters is mainly contributed by star-forming and gas-rich
satellite galaxies. In Figure11, we plot the formation time
distribution and the accretion time distribution for satellites
in the clusters. It is seen that the formation time of blue
clusters is lower than red clusters and the infalling time
of satellites in blue clusters is lower, which suggests that
there are more recently accreted satellite galaxies in blue
clusters and that most satellites retain enough cold gas to
feed their star formation and being blue.

5 CONCLUSIONS

We construct a volume-limited sample from the SDSS
DR7 group catalog at0.02 < z < 0.082 and study
the fraction of blue galaxies in clusters in high-density
regions. We also compare the data with the L-Galaxies
model to investigate the origin of the blue clusters. Our
main findings are:

1. The fraction of blue galaxies decreases with increasing
halo mass and cluster age in both observation and
model, which are both consistent with the H19 results.

2. The high fraction of blue galaxies in blue clusters
mainly comes from galaxies at distance lower than
projected2Rvir. On large scales, red cluster and blue
cluster have similar fraction of blue galaxies. Such an
effect is also seen in both data and model.

3. We find four blue clusters from the SDSS DR7 group
catalog in the local Universe, with the fraction of blue
galaxies larger than 0.5. One cluster as found by H19 is
in a filamentary structure, the other three blue clusters
show no clear filamentary structure around.

4. Using the L-Galaxies model, we find that blue clusters
form later than red clusters, with more recently
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accreted blue satellite galaxies at the outskirts of the
clusters.

We conclude that the blue cluster found by H19 is
indeed in a filamentary structure, indicating possible large-
scale environmental effect. However, the three additional
blue clusters found in our work do not live in filamentary
structures and our work suggests that the formation of blue
clusters is mainly a local effect as a result of more newly
accreted star forming satellite galaxies.
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