of the
ROYAL ASTRONOMICAL SOCIETY i

Mon. Not. R. Astron. Soc. 426, 1632-1646 (2012) doi:10.1111/5.1365-2966.2012.21855.x

The role of stellar mass and environment for cluster blue fraction,
AGN fraction and star formation indicators from a targeted analysis
of Abell 1691

Kevin A. Pimbblet":?* and Peter C. Jensen?

1School of Physics, Monash University, Clayton, Victoria 3800, Australia
2Monash Centre for Astrophysics (MoCA), Monash University, Clayton, Victoria 3800, Australia
3 Centre for Astrophysics and Supercomputing, Swinburne University of Technology, Hawthorn, Victoria 3122, Australia

Accepted 2012 August 2. Received 2012 August 1; in original form 2012 February 6

ABSTRACT

We present an analysis of the galaxy population of the intermediate X-ray luminosity galaxy
cluster, Abell 1691, from Sloan Digital Sky Survey (SDSS) and Galaxy Zoo data to elucidate
the relationships between environment and galaxy stellar mass for a variety of observationally
important cluster populations that include the Butcher—Oemler blue fraction, the active galactic
nucleus (AGN) fraction and other spectroscopic classifications of galaxies. From 342 cluster
members, we determine a cluster recession velocity of 21257 £ 54 kms~! and velocity
dispersion of 10091“;‘2 kms~! and show that although the cluster is fed by multiple filaments
of galaxies it does not possess significant sub-structure in its core. We identify the AGN
population of the cluster from a Baldwin, Phillips & Terlevich diagram and show that there is a
mild increase in the AGN fraction with radius from the cluster centre that appears mainly driven
by high-mass galaxies [log(stellar mass) > 10.8]. Although the cluster blue fraction follows
the same radial trend, it is caused primarily by lower mass galaxies [log(stellar mass) < 10.8].
Significantly, the galaxies that have undergone recent starbursts or are presently starbursting
but dust-shrouded [spectroscopic e(a) class galaxies] are also nearly exclusively driven by low-
mass galaxies. We therefore suggest that the Butcher—Oemler effect may be a mass-dependent
effect. We also examine red and passive spiral galaxies and show that the majority are massive
galaxies, much like the rest of the red and spectroscopically passive cluster population. We
further demonstrate that the velocity dispersion profiles of low- and high-mass cluster galaxies
are different. Taken together, we infer that the duty cycle of high- and low-mass cluster galaxies
is markedly different, with a significant departure in star formation and specific star formation
rates observed beyond ryp and we discuss these findings.

Key words: galaxies: active — galaxies: clusters: individual: Abell 1691 — galaxies: evolution
— galaxies: stellar content.

tially red and galaxy morphology elliptical — a systematic differ-

1 INTRODUCTION ence to non-cluster galaxies (e.g. Dressler 1980; Dressler et al.

Arguably the most important, emergent conclusion about galaxy
evolution during the past decade is that the two main driving forces
behind it are the stellar mass of a galaxy and its large-scale envi-
ronment. Although stellar mass may be the more important of the
pair, the environmental effects are also non-negligible and the two
variables likely exhibit a significant covariance (Baldry et al. 2006;
see also von der Linden et al. 2010).

For example, in the extreme (and hostile) environment of the
dense cores of massive galaxy clusters galaxy colour is preferen-

*E-mail: kevin.pimbblet@monash.edu

1997; Lewis et al. 2002; Gémez et al. 2003; Balogh et al. 2004a,b;
Kauffmann et al. 2004; Christlein & Zabludoff 2005; Baldry et al.
2006; Cooper et al. 2006; Pimbblet et al. 2006; Sato & Martin
2006; Bamford et al. 2009; Skibba et al. 2009; Deng et al. 2010;
Peng et al. 2010; Ma & Ebeling 2011; Patel et al. 2011; Calvi et al.
2012; Jensen & Pimbblet 2012).

The mass function of cluster galaxies shows that the more mas-
sive galaxies are also redder and more frequently elliptical (e.g.
Baldry et al. 2006; di Serego Alighieri, Lanzoni & Jgrgensen 2006;
Clemens et al. 2006; van der Wel et al. 2007; van den Bosch et al.
2008; Bamford et al. 2009; Deng et al. 2010; Pasquali et al. 2010;
Peng et al. 2010; Nair & Abraham 2010; Thomas et al. 2010;
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Griitzbauch et al. 2011; Giodini et al. 2012; Wilman & Erwin 2012;
see also Vulcani et al. 2012).

Early investigations into galaxy evolution inside clusters of galax-
ies by Butcher & Oemler (1978, 1984) suggested that the fraction
of blue galaxies decreases rapidly with decreasing redshift. They
hypothesized that the cause of this dramatic change in blue frac-
tion to be due to spiral galaxies undergoing ram-pressure stripping
caused by interaction with the intra-cluster environment (e.g. Gunn
& Gott 1972). Such spirals morphologically transform into lenticu-
lar (SO) galaxies and fade as they are no longer able to replenish their
gas supplies. Later works confirmed the existence of the Butcher—
Oemler effect (Couch et al. 1994; Rakos & Schombert 1995; Lubin
1996; Dressler et al. 1997; Smail et al. 1998; Ellingson et al. 2001;
Kodama & Bower 2001; Margoniner et al. 2001; Goto et al. 2003a;
Tran et al. 2003; De Propris et al. 2004; Urquhart et al. 2010). Yet,
observational follow-up by Dressler & Gunn (1983) demonstrated
that the blue galaxies measured by the Butcher—Oemler effect are
actually undergoing starbursts rather than gently fading away, in-
dicating that instead of gas being stripped in a galaxy, it could be
used up in a spectacular, albeit terminal, starburst phase. Couch &
Sharples (1987) made an independent spectroscopic study of z ~
0.3 clusters and came to the same conclusion: the blue galaxies are
being driven by galaxies that have undergone a recent (explicitly:
within 0.5 Gyr) starburst. This observational conclusion has been
re-enforced by later studies (e.g. Lavery & Henry 1988; Couch et al.
1994, 1998; Fabricant, Bautz & McClintock 1994; Abraham et al.
1996; Fisher et al. 1998; Poggianti et al. 1999; Dressler et al. 2004).
Moreover, some of the other cluster galaxies also exhibited the rare
signatures of a post-starburst phase (E4+A galaxies; e.g. Zabludoff
et al. 1996), suggesting a duty cycle for these blue galaxies (see
also Mahajan, Haines & Raychaudhury 2010). The cause of the
blue Butcher—Oemler galaxies has subsequently been argued to be
due to a number of different physical mechanisms including, but
not limited to, galaxy—galaxy interaction (Lavery & Henry 1988;
Couch et al. 1994; Moore et al. 1996; Quilis, Moore & Bower 2000),
galaxy—cluster interaction (Henriksen & Byrd 1996; Bekki, Couch
& Shioya 2001), galaxy mergers (Dressler et al. 1999; van Dokkum
etal. 1999) or a slow starvation of star-forming gas (Larson, Tinsley
& Caldwell 1980; Balogh & Morris 2000; Bekki, Couch & Shioya
2002). These mechanisms operate most efficiently in different en-
virons which would lead to differentiable observational signatures
(e.g. ram pressure induced starbursts should cause more blue galax-
ies close to the cluster core, whereas mergers would not do so).

We caution here, however, that there are certainly observational
biases affecting some studies (as indicated by Andreon & Ettori
1999; De Propris et al. 2003; Andreon et al. 2006; Holden et al.
2007), claims of a lack of Butcher—Oemler effect (e.g. Andreon
et al. 2006; Haines et al. 2009) or at the very least a dampened
effect when some of these selection biases are taken into account
(cf. Margoniner & de Carvalho 2000). For example, if galaxies
are mass selected, then bluer galaxies are seldom found in more
massive regimes (>10'" solar masses; see Raichoor & Andreon
2012a,b).

Taking the above results together, it is suggestive that a starburst-
ing phase is very important in the evolution (or duty cycle) of cluster
galaxies (Oemler et al. 2009) — especially at lower masses (Mahajan
et al. 2010). As galaxies accrete on to the cluster potential, some
may experience a starburst due to one or more of the above mecha-
nisms (see also Fadda et al. 2008; Porter et al. 2008). Whilst galaxies
outside a cluster tend to revert to their long-term star formation rates
after a starburst, cluster galaxies do not (cf. Poggianti et al. 1999;
Dressler et al. 2004; Oemler et al. 2009; see also Dressler et al.
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2009). The duty cycle of cluster galaxies therefore merits further
investigation at all redshifts — particularly if we are to elucidate the
connections between mass, environment, colour and morphology
that we have summarized above. We can also tie these relationships
to incidence of active galactic nuclei (AGN). From a simplistic ob-
servational viewpoint, powerful AGN are found in massive galaxies
with current, on-going star formation (e.g. Magorrian et al. 1998;
Kauffmann et al. 2003a; Heckman et al. 2005; von der Linden et al.
2010; Xue et al. 2010; see also Aird et al. 2012). Since AGN require
a fuel source (i.e. gas), any physical mechanism that disturbs the
morphology of (spiral) galaxies may also directly enhance AGN
activity. Alexander & Hickox (2012, and references therein) give a
review of how the AGN central engines can grow, such as via direct
galaxy mergers. For a mechanism such as galaxy—galaxy harass-
ment (Moore et al. 1996), AGN may trace galaxy interactions and
constitute a smoking gun for galaxy evolution (see also Lake, Katz
& Moore 1998). The establishment of a link between AGN inci-
dence and environment is still in the balance, however. Whilst some
researchers contend that AGN incidence is affected by environment
(Kauffmann et al. 2004; Ruderman & Ebeling 2005; Popesso &
Biviano 2006; Gilmour et al. 2007; Constantin, Hoyle & Vogeley
2008; Sivakoff et al. 2008; Montero-Dorta et al. 2009; Gavazzi,
Savorgnan & Fumagalli 2011) and there may be a ‘Butcher—Oemler
AGN effect’ (Eastman et al. 2007; Aird et al. 2012), others come to
the opposite conclusion (Miller et al. 2003; Martini, Mulchaey &
Kelson 2007; Georgakakis et al. 2008; Sivakoff et al. 2008; Pasquali
et al. 2009; Haggard et al. 2010; von der Linden et al. 2010; Atlee
etal. 2011).

It is under these considerations that we herein present an anal-
ysis of the galaxy population of Abell 1691 based on Sloan Dig-
ital Sky Survey (SDSS) data (Abazajian et al. 2009). Abell 1691
is an intermediate X-ray luminosity cluster (Lx = 0.889 x 10*
ergs~!; Ebeling et al. 2000; see Jensen & Pimbblet 2012 for an
introduction to our intermediate Lx studies) and, as such, may not
constitute as extreme an environment as higher X-ray luminosity
clusters that have been studied in detail and extensively elsewhere
(Pimbblet et al. 2006). For example, Jensen & Pimbblet (2012) find
that the modal colour of red-sequence galaxies in intermediate X-
ray luminosity clusters at z ~ 0.08 is less than for higher X-ray
luminosity (i.e. higher mass) galaxy clusters (Pimbblet et al. 2006).
The reason for selecting Abell 1691 for a single-case study is that
it contains a large number of spectroscopically confirmed redshifts
within 3ryi. (see Section 3 and Jensen & Pimbblet 2012) and is
a relatively understudied cluster in the literature but representative
of the intermediate Ly ranges investigated in our previous work
(Jensen & Pimbblet 2012).

The data sets that we use in this work are described in Section 2.
‘We begin our analysis of Abell 1691 in Section 3 by determining
cluster membership from a gapping approach and searching for
any large-scale sub-structuring. In Section 4, we examine how the
cluster environment affects AGN cluster members. We complement
this with an analysis of the colour—-magnitude relation of the cluster
in Section 5. In Section 6 we apply a spectroscopic classification
scheme to the cluster members to examine the duty cycle of the
cluster’s galaxies. This is complemented with an investigation of
the environment of red and passive spiral galaxies. In Section 7
we determine how mass drives AGN fraction, blue fraction and
spectroscopic duty cycle before summarizing our main conclusions
in Section 8.

Throughout this work, we adopt a standard, flat cosmology with
Qu = 0.238, Q4 = 0.762 and Hy = 73kms~! Mpc™! (Spergel
et al. 2007).
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Figure 1. Completeness for our galaxy sample in terms of apparent r-band magnitude (left) and stellar mass (right). At » = 17.7 and log(stellar mass) = 10.2,

the data are ~90 per cent complete.

2 DATA SET

In this work, we make use of SDSS Data Release 7 (Abazajian
et al. 2009). We download all galaxies that have had spectroscopic
observations taken within 2° of the nominal cluster centre of Abell
1691 (as specified by the NASA Extragalactic Data base; NED). We
note that the SDSS spectroscopy aims to be 100 per cent complete
down to amagnitude limit of » = 17.77 for all sky areas (Strauss et al.
2002). This magnitude limit corresponds to ~M* 4 1 at the redshift
of the cluster. In reality, the r = 17.77 target selection may not
be 100 per cent spectroscopically complete due to the limitations of
how close pairs of spectra can be observed (Blanton et al. 2003). The
interlacing of latter spectroscopic observations may recover some
of these collision limitations, but the final completeness requires
investigation (Fig. 1).

At various points in the subsequent analysis we restrict ourselves
to r = 17.77 to maximize the number of redshifts we work with and
probe down to a mass of log(stellar mass) &~ 10 (where stellar mass
has units of solar masses throughout this work). We evaluate how
complete we are at these magnitudes by determining the fraction
of spectroscopic targets that are observed by SDSS and generate a
successful redshift compared to how many are potentially available
for spectroscopic observation in Fig. 1. We find that at » = 17.77,
we are ~90 per cent complete. To evaluate how complete we are in
stellar mass for this sample, we construct histograms of stellar mass
and fit a log-linear relation to the range 11<log(stellar mass)<10.5
(where we anticipate being ~100 per cent complete) and extrapolate
to lower masses. We find that our catalogue is >90 per cent complete
at log(stellar mass) = 10.2. We contend that these limits in apparent
r-band magnitude and stellar mass are more than satisfactory for
the purposes of the present work.

In addition, we marry the data set up with line measurements de-
rived by Tremonti et al. (2004) to provide equivalent width values
for important spectral lines that we use in this work and star for-
mation rates from Brinchmann et al. (2004). This is supplemented
by morphological data from the Galaxy Zoo project (Lintott et al.
2008, 2011). In brief, Galaxy Zoo is an online ‘citizen science’
undertaking that invites members of the public to morphologically
classify SDSS galaxies into several categories. The classifications
agree with professional astronomers to an accuracy of better than

90 per cent (Lintott et al. 2008). That said, we caution that the
resolution of Galaxy Zoo may cause a blending of some classes
(particularly at the Sa/S0 borderline; cf. Andreon & Davoust 1997).
Given these caveats and the fact that the Galaxy Zoo morphologies
compare well with various external data sets (Lintott et al. 2008),
we limit ourselves in this work to dividing our galaxies into three
categories: spiral, elliptical and uncertain from Galaxy Zoo.

3 CLUSTER MEMBERSHIP

Cluster membership for Abell 1691 is determined from the SDSS
spectroscopy (Fig. 2). There are a number of techniques for defining
cluster membership from such data, but one of the most widely used
and simplest is a sigma-clipping (or ‘gapping’) approach (Yahil &
Vidal 1977; Zabludoff, Huchra & Geller 1990; see also Pimbblet
etal. 2006). This approach takes the redshift distribution and applies
sensibly chosen upper and lower bounds to the region of interest
(upper panel of Fig. 2). The mean and standard deviation of these
galaxies are then computed. Any galaxy found to be beyond 3o, of
the mean is then eliminated from the sample. The process is then
iterated.

Atz =0.06 and 0.08 there appear gaps in the redshift distribution
which we use as our first estimate of the upper and lower bounds
for the cluster. Applying the clipping technique, we find that ¢z =
21257 £ 54 kms~! with o, = 100973) km s~ where the errors are
obtained from the method of Danese, De Zotti & di Tullio (1980).

However, a closer examination of the redshift distribution (Fig. 2)
suggests that there may be a foreground structure at z & 0.066 which
may not be part of the cluster proper. Consequentially, if we choose a
new lower bound of z = 0.0695, we obtain ¢z = 21614 & 27 kms~!
with o, = 4O2f%zlg kms~!. These two approaches clearly result in
significantly different values of mean cluster redshift and velocity
dispersion. To resolve which value we should adopt, we consider
two factors: first, whether the foreground structure is coherent (e.g.
an infalling group or sub-cluster) and, secondly, an examination of
cluster scaling relationships (Popesso et al. 2005).

For the first consideration, we create a map of RA versus Dec.
(Fig. 3) and examine it for any structure in redshift bands suggested
to us by Fig. 2. This suggests that the foreground redshift peak is

© 2012 The Authors, MNRAS 426, 1632-1646
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Figure 2. Barcode-style redshift diagram for all galaxies within 2° of Abell 1691. Each vertical line represents an individual galaxy. In the upper plot, we
show a zoom-in on the 0.06 < z < 0.08 region of the lower plot. We use this plot to estimate the upper and lower bounds of the cluster in order to derive its

mean redshift and velocity dispersion.

—— T ——
. 0 0.0630<2<0.0695
41 —
0& = 0.0895<z<0.0755
L ° ]
e ® 0.0755<2<0.0775
L . . ]
o .%o °© 0.0775<2<0.0800
L .8
o ° 0o
L O, n ° 8o . i
" 2 © ngn 000
40 Lo at . o . -
. LG . et
B a, WO " 4
- w . -
| . ook . |
. "0 "o = a .
’ . . & - b
(%} -
8 r ° - ..- o
39 - o o
r . . B
*
+ " . " 1
o
[ " - - - ° " .
r, . o
L | - ]
38 [ ° ° ° ,
- - . - " .
L . . ]
raﬂﬂ "
»
L o ]
A N A TR AN TN SN ST SRS EON T N T SO ST ST S S
200 199 198 197 196

RA

Figure 3. Spatial distribution of all galaxies in our sample with 0.063 < z <
0.080, coded according to their redshifts. We use this information to derive
values for the cluster’s velocity dispersion in conjunction with the redshift
distribution and knowledge of Lx. A scale bar showing rz00 (= 2.01 Mpc)
at the redshift of the cluster is depicted in the lower-left corner. Several
filaments can be seen extending from the centre of Abell 1691 and are
presumably fuelling the growth of this cluster (cf. Pimbblet, Drinkwater &
Hawkrigg 2004).

smeared over the sky and does not represent a group or cluster in
its own right (in contrast with Abell 1691 itself which is revealed
as a strong overdensity in the centre of this plot, with a signifi-
cant secondary peak eastwards of the centre and filaments radiating
outwards).

For the second consideration, we note that the X-ray luminosity
of A1691 is Lx = 0.889 x 10* ergs™! in the ROSAT 0.1-2.4keV
band (Ebeling et al. 2000). Popesso et al. (2005) note that log;o(Lx)
= 3.68log (0 ;) — 10.53 for all galaxies in a given cluster (i.e. not
just red early-types). When we plug in our two values for o, into
the above equation, it yields Lx = 3.3 x 10* ergs™! for 0. =

© 2012 The Authors, MNRAS 426, 1632-1646
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1009 kms~', and Ly = 0.1 x 10* ergs™! for o, = 402 kms~'.
Interestingly, the measured value for Ly lies between these two
values. To resolve this, we note that Popesso et al. (2005) quote the
95 per cent confidence level on the scatter of the intercept of this
relationship as 0.80. This generates a 95 per cent confidence interval
of 0.02 x 10" < Ly < 0.7 x 10* ergs™! for 0. =402 kms~! and
0.5 x 10" < Lx <20.9 x 10% ergs™! for o, = 1009 kms~'. This,
coupled with Fig. 3, suggests to us that the better redshift interval to
derive the cluster parameters from is 0.06 < z < 0.08 and therefore
we adopt ¢z = 21257 + 54 kms~' and . = 1009732 kms~! for
Abell 1691.

To check these findings, we finally construct a phase—space di-
agram (Fig. 4) of velocity versus distance from the centre of the
cluster for all galaxies in our magnitude-limited sample using the
cluster mass model of Carlberg, Yee & Ellingson (1997). In this, we
see that the foreground structure noted above (0.06 < z < 0.0695)
mixes with the higher redshift range (0.0695 < z < 0.0755) at most
radii from the cluster centre and, moreover, is well contained within
the 30 caustic contour from the Carlberg et al. (1997) mass model.
‘We therefore adopt our final definition of cluster members as being
those galaxies contained within these 3o limits. This yields a total
of 342 galaxies for our study.

3.1 Sub-structure

Although the cluster appears moderately smooth (with a moderate
secondary overdensity eastwards of the centre; Fig. 3), we aim
to ascertain if there is bona fide sub-structure contained within
it. We first turn to ROSAT X-ray imaging of the galaxy cluster
(Fig. 5) to check if the cluster is experiencing any overt signs of
recent interactions (cf. Oemler et al. 2009; Owers, Couch & Nulsen
2009). The lack of sub-structure, coupled with regular (i.e. roughly
circular), contours indicates that Abell 1691 is a virialized system
that has not had any recent perturbation from (e.g.) an infalling
system of comparable mass. But would we be able to detect sub-
structure in this X-ray image? First, we note that spatial resolution
of ROSAT Position Sensitive Proportional Counter is ~25 arcsec at
0.93 keV which translates to ~33 kpc at the redshift of A1691. This
is approximately the diameter of a single galaxy; hence we believe
that ROSAT has sufficient spatial resolution to resolve sub-structures
at the redshift of A1691. Secondly, although there is scatter in the
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Figure 5. X-ray contour map generated from ROSAT 0.1-2.4 keV imaging
overlaid on to the r-band image of Abell 1691. This suggests a cluster core
region without significant sub-structure.

Lx—mass relationship (Popesso et al. 2005), we note from fig. 1 of
Jensen & Pimbblet (2012) that we would be able to detect clusters
down to Lx ~ 0.7 x 107* ergs™! from ROSAT. We explicitly note
that that does not preclude a cluster of equal mass being present in
our sample, but we regard it as unlikely.

To address this question of sub-structure further, we apply the
Dressler & Shectman (1988; DS) sub-structure test to our data set.

This test is the most sensitive available to detect sub-structure in the
literature (Pinkney et al. 1996). It works by calculating the mean
local velocity (cz) and local velocity standard deviation (o jocq;) Of
given galaxies N nearest neighbours (where N is chosen to be the
10 nearest neighbours). To determine if there exists significant sub-
clustering, these values are compared to the parent cluster’s mean
velocity and o, such that

52 _ (Nlocal +1

2
gy

) [(ﬁlocal - a)z + (Ulocal - 617)2 (1)

where § is a measure of the deviation of the individual galaxy.
The parameter of merit, A, is then the summation of all § terms
in the cluster. This is compared to a Monte Carlo re-simulation of
the cluster wherein the velocities are randomly re-assigned to each
galaxy to generate P(A) and thereby estimate the confidence level
that the cluster contains sub-structure. For Abell 1691, we find that
P(A) < 0.01, suggesting that it has significant sub-structuring. This
can be seen in Fig. 6 where we plot circles on the basis of a galaxies’
¢® value — overlapping large circles in close proximity are therefore
logically interpreted as sub-structure (see DS).

Although the cluster core (r < ~025) is largely free of sub-
clustering, we see that there is a significant grouping to the north of
the main cluster overdensity (RA = 198, Dec. ~ 40.8). We perform
a search of the NED to attempt to identify this. The best match
is cluster entry number 632 from Yoon et al. (2008; redshift z =
0.0677, at 0.950 . from the mean redshift of Abell 1691). This group
is therefore probably a minor infalling group to Abell 1691 that has
been picked up by the DS algorithm.

Also apparent from Figs 3 and 6 are several (arguably three or
four) filaments that link to the core of Abell 1691 — particularly the
eastern extension of the cluster core. Given the velocity dispersion
of the cluster, it is not unexpected to see these many filaments
connecting to it (Pimbblet et al. 2004).

4 AGN

We now turn to the active galaxy population. To determine which
cluster members are AGN, we make use of a BPT diagram (Baldwin,
Phillips & Terlevich 1981). By plotting flux ratio [O m1]/HfS against
[N 1]/He, Baldwin et al. (1981) are able to effectively separate AGN
from star-forming galaxies. Implicitly, the use of the BPT diagram
means that we are identifying type 2 AGN (those AGN that are
obscured by a dusty circumstellar medium and give rise to strong
narrow emission lines) rather than type 1 AGN (a direct view of
the broad-line region). We check this is true by confirming that
all galaxies classed as AGN by the BPT diagram have an SDSS
spectroscopic classification of ‘galaxy’ (as opposed to ‘QSO’).

In Fig. 7 we show the BPT diagram for our cluster members
that have signal-to-noise ratio (S/N) > 3 in the requisite lines. To
split the AGN from star-forming galaxies, we use the Kauffmann
et al. (2003a; see also Veilleux & Osterbrock 1987; Kewley et al.
2001; Brinchmann et al. 2004; Stasiniska et al. 2006) relation for
AGN: log,,([Om]/HB) > 0.61/{log;o([Nu]/Ha) — 0.05} + 1.3.
Although we could extend our analysis to weaker AGN classes
and ‘retired” AGN (Cid Fernandes et al. 2010), we elect to stick
to the Kauffmann et al. approach due to its wider adoption in the
literature. We also draw on the definitions of Seyferts and low-
ionization nuclear emission-line regions (LINERs) (see Kauffmann
et al. 2003a; Ho, Filippenko & Sargent 1997). Our BPT diagram is
typical of the general galaxy population, including a LINER galaxy
with an elliptical morphology (cf. Heckman 1980). A visual check
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Figure 6. DS test result with galaxy members coded according to their Galaxy Zoo morphologies (ellipticals are red circles; spirals are blue stars; uncertain
morphologies are open black triangles). Normally, one would plot circles around each point that have a radius proportional to ¢®. However, to improve clarity,
we only plot two circle radii to denote modest and significant values of ¢® (smaller and larger circles, respectively). Sub-structure is interpreted as overlapping
circles in close proximity. The main clump of sub-structure is seen to be north of the central overdensity (RA ~ 198, Dec. &~ 40.8) and may be an infalling

group.

of the SDSS imaging confirms the Galaxy Zoo morphology class:
this galaxy is indeed an early-type (possibly SO).

Is the number of AGN that we find in Abell 1691 typical? To
address this question, we note that Popesso & Biviano (2006) make
a study of several hundred galaxy clusters and find that the fraction
of AGN anti-correlates with o ;. Explicitly, they report that fagn =
(—1.21 £0.12)log(o;) + (2.50 £ 0.24) (Popesso & Biviano 2006).
This equation predicts an AGN fraction of 0.07 for A1691 using
0. =1009 kms~', and 0.22 using 0. = 402 kms~' (see above for
the derivation of these two values of ¢,). We note their definition
of the fraction of AGN contained in a cluster is the number of AGN
divided by the total galaxy population within oy and brighter than
M, = —20.0. We compute ryy from Girardi et al. (1998): ryp ~
Tvirial = 0.0020, = 2.01 Mpc. At the mean redshift of Abell 1691,
this radius corresponds to 25 arcmin. For convenience (and to be
in-line with the calculation of f5, below) we stick to our magnitude
limit of r = 17.77. We obtain f s\gn = 5/75 = 0.06 & 0.03 (where the

© 2012 The Authors, MNRAS 426, 1632-1646
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quoted error is simply a Poissonian error). This fraction is consistent
with the (anti-correlation) equation reported by Popesso & Biviano
(2006; see above) that predicts fagn = 0.07 for our cluster if we
adopt o, = 1009 kms~!, and is more than 36 away from the
AGN fraction predicted for o, = 402 kms~!. Therefore this firms
our above argument that o, = 1009 kms~! is the correct velocity
dispersion for the cluster.

5 COLOUR-MAGNITUDE RELATION

On a colour-magnitude plane, a galaxy cluster exhibits a strong cor-
relation for its early-type members: the so-called red sequence (e.g.
Visvanathan & Sandage 1977; Bower, Lucey & Ellis 1992). Fig. 8
displays the r versus (g — r) colour—-magnitude diagram for cluster
members within r,g of the cluster centre. We fit the red sequence as
per Jensen & Pimbblet (2012), using the Lorentzian merit function
minimized using the Nelder—-Mead down-hill simplex algorithm
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Figure 7. BPT diagram for all cluster members with S/N > 3 in each
line. The Kauffmann et al. (2003a) division between AGN and star-forming
galaxies is the solid curve, and we also mark the loci of Seyferts (O m]/HB >
3 and [Nn]/He > 0.6) and LINERs ([Om]/HB < 3 and [Nu]/Ha > 0.6)
with the vertical and horizontal dotted lines. The point types correspond to
the Galaxy Zoo morphological classifications of these galaxies.

(Press et al. 1992). The scatter in the intercept of the red-sequence
fitis displayed as parallel lines around the red-sequence fit in Fig. 8,
along with the Galaxy Zoo morphology classifications and identi-
fied AGN.

We use Fig. 8 to define the blue fraction (f) of galaxy cluster
members in an analogous way to Butcher & Oemler (1984). For-
mally, Butcher & Oemler defined f3 to be the fraction of galaxies
that are brighter than My = —20 and have a rest-frame colour that
is 0.2 in (B — V) bluer than the fitted colour—-magnitude relation.
However, since we are only interested in comparing relative values
(rather than comparing 5 to external works), we simplify this defi-
nition for our convenience by defining f to be those galaxies 0.2 in
(g — r) bluer than the fitted red sequence as our definition of blue.
For the magnitude limit, we convert My = —20 to r band using one
of the stellar magnitude conversions presented in Jester et al. (2005):
V=g—0.59 x (g —r) — 0.01 and assuming a ‘typical’ colour
for our galaxies (namely the red-sequence colour at M*). This gives
a limit of r &~ 18.3. This is fainter than our r-band selection limit
for our sample and we therefore use all galaxies in our sample for
fB calculations, below. Additionally, we note that this is an invalid
conversion since we have not used point sources and made assump-
tions about the typical galaxy colour. We re-emphasize that we are
only interested in the relative trend within our own data set rather
than an absolute comparison to external data sets and therefore our
approach is sound for this purpose.

In Fig. 9 we plot the variation of fg, by our definition, with
radius from the cluster centre. We complement this trend with the
radial variation of fagn (as defined in Section 4). The trend in fp
is to increase away from the cluster core, but for fagn, it looks
reasonably flat until a very high radius from the cluster centre; and
even there the fagn trend is not significant. The best statement we
can make is that the cluster core appears hostile to both bright blue
galaxies and active galaxy types.

I @ Elliptical g
% Spiral
4 Uncertain 1
OAGN

(g-1)

Figure 8. Colour—magnitude relation for cluster members within g0 of
the cluster centre. Symbols are the same as for the BPT diagram (Fig. 7),
and we circle our identified AGN. The solid line displays the fit to the red
sequence with the scatter in the fit’s intercept denoted by the parallel dotted
lines. The dashed lines denote the limits used to define fp (i.e. blue galaxies
are to the left and below these lines).
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Figure 9. Radial variation of the blue fraction, fg (blue circles), and the
AGN fraction, fagn (red crosses), in Abell 1691. The vertical dotted line
denotes ryiria1 and each point contains the same number of galaxies (with
[ arbitrarily offset slightly from fagn for the sake of clarity). The two
different fractions follow the same (weak) trend to an approximation — the
cluster core being hostile to both blue galaxies and AGN.

Many other authors have previously noted the lack of bright blue
galaxies in the cores of clusters and the (weak) radial trend for
fB (Kodama & Bower 2001; Dahlén, Fransson & Nislund 2002;
Dahlén et al. 2004; Tran et al. 2005; Li, Yee & Ellingson 2009; Rai-
choor & Andreon 2012a; see also Chung et al. 2011, who note that
‘the fraction of star-forming galaxies increases with cluster radius
but remains below the field value even at 3r,y’) for a given abso-
lute magnitude limit used to define the Butcher—Oemler effect. Our
results for Abell 1691 support these previous works and add weight
to the arguments presented elsewhere (Wilman, Zibetti & Budavari
2010; Hou et al. 2012; Wetzel, Tinker & Conroy 2012) that the red
galaxy fraction (i.e. 1 — fp) correlates with environment only up
to ~1 Mpc away from the cluster core. A tantalizing facet of Fig. 9
is the upturn of fg at 2-3 Mpc from the cluster core. Although sta-
tistically not significant, we note that this radius is about the same
seen by Porter et al. (2008) who report a fractional enhancement
in starbursting galaxies at these radii along filaments of galaxies.
We therefore hypothesize that this maximum is a reflection of this

© 2012 The Authors, MNRAS 426, 1632-1646
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enhanced star formation rate seen by Porter et al. (2008) and proba-
bly caused by first-time harassment (Moore et al. 1996) of galaxies
within those filaments. A much larger sample of galaxy clusters will
be required to probe this blue fraction enhancement and definitively
ascertain whether such an enhancement is significant.

The radial variation for f sgn has also been noted by other authors
(Johnson, Best & Almaini 2003; Kauffmann et al. 2003a; Gilmour
et al. 2007; Hwang et al. 2012), but there are yet others who suggest
that the AGN distribution may be flat (as we find out to several
Mpc), or even concentrated towards the cluster centres (Ruderman
& Ebeling 2005; Branchesi et al. 2007; Martini et al. 2007). Our
results support a mild increase in AGN fraction at large radii away
from the cluster centre, but otherwise suggest a flat distribution.
This result supports the notion that AGN incidence may be driven
by galaxy—galaxy interactions when there is an available gas supply
to fuel the AGNSs.

6 SPECTROSCOPIC CLASSIFICATION

We further quantify the galaxy population by classifying the cluster
members on the basis of the line strengths of two key diagnostic
features: HS and [O 1] (Dressler et al. 1997; Poggianti et al. 1999;
see also Pimbblet et al. 2006). In combination, these two lines can
successfully discriminate between a number of important stages in
galaxy evolution, including the E+A phase (i.e. strong H§ absorp-
tion coupled with a lack of current star formation as indicated by
a lack of [O 1] emission). Although we could have used Ha as our
indicator of present star formation, we elect to employ this clas-
sification scheme to be in-line with previous studies. A summary
of the classification scheme along with its broad interpretations is
presented in Table 1.

In Fig. 10 we display the spectroscopic classifications of cluster
members split by radial bin from the cluster core. As would be
expected, the passive k-type galaxies dominate at the cluster core
(Table 2) and gradually fall-off with increasing radius away from
the cluster centre (indeed, the outermost radial bin may be regarded
as the ‘field’ value). The values for the total emission classes versus
non-emission classes are very comparable to the values reported by
Pimbblet et al. (2006) for massive, highly X-ray luminous clusters
(a non-emission class fraction of 0.82 within r,y and 0.74 beyond
r200) Which are in turn a higher fraction than high-redshift massive
clusters (Poggianti et al. 1999).

6.1 Red and passive spirals

Figs 8 and 10 contain a number of spiral galaxies that are red and
(or) passive. Since spiral galaxies possess young stellar popula-
tions, the existence of these red spiral galaxies is potentially, at first
glance, surprising. However, the colour of a galaxy and its morphol-
ogy are likely to be driven by different mechanisms: the colour is a
reflection of the recent star formation history (say, within the past
~Gyr) whilst the morphology is more sensitive to recent kinematic
or dynamical events in the galaxies’ life (cf. Boselli & Gavazzi
2006). Red and passive spiral galaxies within clusters may there-
fore represent an important, but brief, transition phase in the life
of a galaxy: a point at which its star formation rate has been trun-
cated (or all the star-forming gas has been used up) but it is yet to
undergo significant morphological transformation to an SO or ellip-
tical morphology (Goto et al. 2003b; Moran et al. 2006; Wolf et al.
2009; Bundy et al. 2010; Lee et al. 2010; Masters et al. 2010; see
also Ishigaki, Goto & Matsuhara 2007; Mahajan & Raychaudhury
2009).

© 2012 The Authors, MNRAS 426, 1632-1646
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To investigate the relation of red, passive spiral galaxies with
environment, we now extract them from our catalogue using the
following criteria: (i) they must be of the ‘k’ spectroscopic class
(Table 1); (ii) they must be spiral as defined by Galaxy Zoo; (iii)
they must be photometrically red — within the dotted parallel lines
that represent the scatter of the colour—-magnitude relation’s fitted
intercept displayed on Fig. 8. This yields 18 red and passive spiral
galaxy cluster members within 4r,09. Within g0, 5/15 sprial galax-
ies are red and passive (0.33 = 0.15). This changes to 13/81 (0.16 =
0.05) between 00 and 4ry00. Expressed as a fraction of the total
cluster population, the red and passive spiral galaxies constitute a
fraction of ~0.06 at all radii. This suggests a lack of significant
environmental dependence for the location of red and passive spiral
galaxies and agrees with Masters et al. (2010) who note that al-
though red spirals may prefer intermediate environs, ‘environment
alone is not sufficient to determine if a galaxy will become a red spi-
ral’. Gallazzi et al. (2009) argue that red star-forming galaxies seem
ubiquitous at all galaxy densities. Given the relationship between
radius and density for cluster galaxies, this supports our result of a
none varying fraction of red passive sprials with radius. This means
that an environmental mechanism such as harassment may not be
required to explain such galaxies: a quenching event followed by a
slow morphological transformation is likely to be sufficient to cause
these observations (Wolf et al. 2009). This supports Bamford et al.
(2009) who argue that the time-scale for morphological transform
is longer than that for colour transform on the basis of an environ-
mental dependence with galaxy colour at a fixed morphology from
Galaxy Zoo (Lintott et al. 2008).

7 MASS RELATIONSHIPS

The above analysis has considered the relationship between var-
ious parameters, such as AGN fraction, to environment — prox-
ied as the distance from the cluster centre.! To better explore the
covariance of environment and galaxy mass, we now re-do the
above analysis but use galaxy stellar mass as our primary abscissa.
We obtain the galaxy stellar mass for our cluster members from
the SDSS value-added catalogue (see www.mpa-garching.mpg.de/
SDSS/DR7/Data/stellarmass.html). Although the original stellar
mass estimates by Kauffmann et al. (2003b) are based on the EW
of H8 and the D4000 A break, the data used here are based on the fit
to the SDSS photometry which, like Kauffmann et al. (2003b), uses
a large set of Bruzual & Charlot (2003) models to derive its output.
The distributors of the data set note that there are some differ-
ences to the line index fit derived stellar masses of Kauftfmann et al.
(2003b), including better accuracy at lower masses (see www.mpa-
garching.mpg.de/SDSS/DR7/mass_comp.html). We therefore con-
tend that these masses should be more than robust enough for our
purposes of correlating AGN fraction (etc.) with mass.

Before we repeat the above analysis for fagn and f5 using galaxy
stellar mass (as above), we must guard against the selection bias
of having a top-end mass limit with a low-end r-band magnitude
limit (cf. Holden et al. 2007). We therefore construct a mass versus
absolute magnitude diagram and find the mass limit at which we
are complete for the reddest galaxies (i.e. colour—magnitude red-
sequence galaxies) and the absolute magnitude limit corresponding

I Distance to the cluster centre can also be considered a temporal mea-
sure, i.e. the time since infall (Gao et al. 2004), but such a signal may be
contaminated (e.g. Pimbblet 2011).
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Table 1. Spectroscopic classification scheme used in this work and its broad interpretation (see Poggianti et al. 1999; see also Poggianti,
Bressan & Franceschini 2001). A further class of a+k is noted by Poggianti et al. (1999) but we do not use it here as we have no galaxies that
would be classified as an a+k type.

Class  Definition Interpretation
k EW(HS) < 3A and EW([On]) > —5A Passive: star formation ceased approximately several Gyr ago.
k+a EW(HS) > 3 A and EW([On]) > —5A Post-starburst: a young population of A-stars with no present star formation.
e(c) EW(HS) < 4 A and —5 > EW([On]) > —40A  Star-forming galaxy; similar to a present-day, steadily star-forming, spiral galaxy.
e(a) EW(HS) > 4 A and =5 > EW([On]) > —40A  Recent, strong starburst galaxy whose star formation rate is falling back down.
e(b) EW([On]) < —40 A On-going starburst.
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Figure 10. Spectroscopic classifications of the cluster galaxy population according to the Poggianti et al. (1999) scheme which is based on EW measurements
of Hé and [O 1] and which we split by radius from the cluster centre. By convention, emission lines are reported with negative values. Morphological types
from Galaxy Zoo are marked with different symbols and AGN are circled (as per Fig. 8).

to r = 17.77 at the mean cluster redshift (Fig. 11). These limits
are log(stellar mass) = 10.2 and M = —19.55, respectively, and
we only use galaxies more massive and brighter than these limits
(Fig. 11) in the subsequent analysis. This ensures that we will

be complete for these galaxies, regardless of the star formationb
history.

The results are displayed in Fig. 12. There are two striking
features about this plot. First the blue fraction, f5, appears to be

© 2012 The Authors, MNRAS 426, 1632-1646
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Table 2. Radial fractions of different spectroscopic classes. The final two rows give the summed
emission class fractions [e(b) plus e(a) plus e(c)] and non-emission class fractions (k plus k+a

classes). All errors are Poisson.

Stellar mass and environment in Abell 1691
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Class r <710 o0 <7 <2rxo 2r0 <t <3r0 3rao <r < 4rxo
k 0.80£0.10 0.70£0.10 0.54 £0.10 0.39 £ 0.07
k+a 0.03+£0.02 0.03+0.02 0.01 £0.01 0.01 £ 0.01
e(c) 0.14 £0.04 021 +£0.05 0.33 £0.07 0.45 £ 0.08
e(a) 0.04 £0.02 0.05+0.03 0.09 £ 0.03 0.13 £ 0.04
e(b) Nil Nil 0.03 £0.02 0.03 £0.02
Emission classes 0.18 £0.06  0.26 = 0.06 0.45 £ 0.08 0.61 £ 0.07
Non-emission classes  0.83 £0.11  0.73 £0.11 0.55 £0.10 0.40 £0.10
I L E regimes in agreement with previous works (Brusa et al. 2009; Xue
L 80 . 1 et al. 2010) and unsurprising given that supermassive black holes
F e, 1 are almost exclusively found in massive galaxies (Magorrian et al.
Mo 0% % o 1 1998), our limited sample is only able to place a significance of
1= o © o% 3 2 b ~20 on this trend. In both cases, these trends are much stronger
r oO@RR, o O 1 than found in Fig. 9. The inference of this result for the Butcher—
i ®o %% m;fg 3 . ] Oemler effect is that it is almost exclusively driven by lower mass
7 : (g o %0 g %:s oo : [log(stellar mass) < 10.8] galaxies. This is supported by Tajiri &
2 o5l 8 oo % o . | Kamaya (2001) who contend that blue Butcher—Oemler galaxies
: I ° 80 go -'(a,f'. .. | are the less massive cluster galaxies that also possess small (cluster
§ | 09 ° o o dgo 3 ‘%‘.o | frame) peculiar velocities and De Propris et al. (2003) who note
% o @&Q s - that the Butcher—Oemler effect is primarily due to low-luminosity
B 3 °© B o g galaxies that are presently star forming.
10 o ° :’mo 08 fb .Oc - In Table 3 we compute the spectroscopic classifications for our
r %S0 ©0 1 galaxies (as per Table 2), but split on galaxy mass using the bias-
I o Oognoo 8‘%"980 1 corrected sample (Fig. 11). Immediately we see that the passive
i ° 4 ooQ;o o ] k types are dominant at the high-mass regime [log(stellar mass) >
05 f J 10.5]. This supports the notion that massive galaxies are mostly non-
Tl o | star-forming and dead, regardless of their environment. Meanwhile,
. 12 P E— 12 PE— 12 S— of the emission line classes, the recent starburst galaxies [e(a) types;

Figure 11. Galaxy mass versus absolute magnitude for cluster members.
The red filled circles are the red-sequence galaxies. The horizontal line
denotes the mass limit at which we are complete for the reddest galaxies
(i.e. red-sequence galaxies, or redder, as defined by the scatter around the
line of best fit in Fig. 8), whilst the vertical line is » = 17.77 at the mean
cluster redshift. We avoid biasing our mass relation analyses by using only
galaxies in the upper left (high-mass, brighter) quadrant of this plot.
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Figure 12. As for Fig. 9, but the blue fraction (blue circles) and AGN
fraction (red crosses) are plotted as a function of galaxy stellar mass. The
errors in the y-direction are Poissonian. However, the ‘errors’ in the x-
direction simply denote the full range of galaxy stellar mass that each
point is derived from. The blue fraction is driven by low-mass galaxies
(~30 level) whereas the AGN fraction appears mostly driven by high-mass
galaxies (~20 level).

primarily driven by low stellar mass galaxies [log(stellar mass) <
10.8]. The difference between the lowest mass bin and the high-
est is significant at an ~30 level for f5. Although the trend in
AGN fraction suggests that f sgn is being driven by the higher mass

© 2012 The Authors, MNRAS 426, 1632-1646
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but also see Poggianti et al. 2001, who suggest the e(a) class may
include a significant contribution from on-going dust-enshrouded
starbursts] are exclusively found at lower mass regimes.

We now turn to the red and passive spiral galaxies in the bias-
corrected sample. Out of all spiral galaxies, we find that 6/37 (0.16 £
0.07) are red and passive at log(stellar mass) < 10.5, whereas this
grows to 12/48 (0.25 £ 0.07) at log(stellar mass) > 10.5. In terms
of the whole galaxy population, these fractions become 0.06 £ 0.01
and 0.08 = 0.02, respectively (where the errors are Poissonian).
Although not highly significant (i.e. less than 2¢ difference), this
provides the tantalizing suggestion that the red and passive popula-
tion is driven by higher mass rather than environment. This agrees
with observations made by Masters et al. (2010) who show that
red galaxies are predominantly massive galaxies, regardless of their
morphology. Since Galaxy Zoo is limited to simply saying that a
given galaxy is a spiral, hence a future line of investigation would
be to determine the sub-class of spiral that these red and passive
spirals are. We could then address whether earlier spiral (i.e. Sa)
classes dominate the passive spiral fraction.

7.1 Velocity dispersion profiles

Pimbblet et al. (2006) note that the velocity dispersion of different
spectroscopic classifications of galaxies can vary strongly — the
emission line galaxies tending to yield larger velocity dispersions
at higher radii from the cluster centre. This ties into work decades
earlier by (e.g.) Rood et al. (1972) who note different profiles for red
and blue galaxies. However, Pimbblet et al. make no comment about
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Table 3. As for Table 2, but for stellar mass fractions of the different spectroscopic classes.

Class 11.5 > log (stellarmass) > 10.8  10.8 > log (stellarmass) > 10.5  10.5 > log (stellar mass) > 10.2
k 0.79 £ 0.11 0.82 £0.10 0.62 £ 0.08

k+a Nil 0.04 +0.02 0.01 £+ 0.01

e(c) 0.17 £0.05 0.14 £ 0.04 0.33 £0.06

e(a) Nil Nil 0.04 +0.02

e(b) 0.03 £0.02 Nil Nil

Emission classes 0.20 £ 0.05 0.14 £ 0.04 0.37 + 0.06

Non-emission classes  0.79 £ 0.11 0.86 = 0.10 0.63 +0.08

how galaxy mass may affect these profiles. Here, we compute the
velocity dispersion profile [op(R)] by mass for A1691 by following
a method originally detailed by Bergond et al. (2006) for use with
globular cluster systems that has since found adoption in application
to galaxy clusters (Hou et al. 2009, 2012).

The method involves the use of a moving window (or kernel)
that takes into account the redshift measurements of all cluster
members for each radial bin rather than simply using binned radii.
The projected velocity dispersion profile is defined as

> wi(R)(x; — X)?
Z,‘ wi(R)

where R is the radius from the centre of the cluster, x; are the
measured redshifts (or radial velocities), X is the mean redshift of
the cluster (as determined above) and w; is the weighting function
such that:

op(R) = @

R—R)?
(7)) 3)

1
w;(R) = —ex
(R) = ——exp < 27
where oy is the chosen width of the window (here, set to a constant
value of 30 arcmin).
The resultant velocity dispersion profiles for high-mass

[log(stellar mass) > 10.7], low-mass [log(stellar mass) < 10.5]
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and all cluster galaxies for our bias-corrected sample is displayed in
Fig. 13. To obtain uncertainties on these profiles, we take a Monte
Carlo approach and bootstrap our samples 1000 times. The error
bounds depicted in Fig. 13 are the 1o standard deviations from these
1000 Monte Carlo trials.

To interpret Fig. 13, we note that a rising profile would be in-
dicative of interacting systems (cf. Menci & Fusco-Femiano 1996;
Hou et al. 2009) or a close neighbour (Girardi et al. 1996). In the
case of Abell 1691, we see that the overall profile declines gently
with radius. This underscores our earlier finding of little significant
sub-structure inside our cluster. However, the velocity dispersion
profiles of the high- and low-mass galaxies are notably different.
The high-mass galaxies demonstrate a steep decline with radius,
to almost three-quarters their central value by 3ryi;,. On the other
hand, the lower mass galaxies show a mild increase to a local
maxima in o p(R) at ~2r;;, before slowly declining again to their
central levels. Significantly, the inner ryy profiles for the high- and
low-mass samples are >3o different. One immediate inference is
that these two different mass populations have had significantly dif-
ferent accretion histories on to the cluster’s potential — the higher
mass ones in the centre perhaps being more recent arrivals due to
their comparatively larger central op(R). This may point to sub-
structure in the high-mass sample in the inner regions. Therefore, to

r / Mpe
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Figure 13. Velocity dispersion profile for three sets of galaxies split by mass in A1691: high-mass galaxies [log(stellar mass) > 10.7; filled circles], low-mass
galaxies [log(stellar mass) < 10.5; open squares] and all galaxies (open circles; dotted line). For clarity, we plot these galaxies in two panels. ryiral is denoted
by the vertical dashed line. The error bounds (dotted lines) are 1o standard deviations derived from 1000 Monte Carlo resamplings. The high-mass sample has

a significantly (>30) different profile to the low-mass sample within 7yl
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Figure 14. Star formation rate [log(SFR); left] and specific star formation rate [log(SSFR); right] for galaxies with high stellar mass [log(stellar mass) >
10.8; filled red circles] and low stellar mass [log(stellar mass) < 10.5; open blue circles] as a function of radius from the cluster centre (the vertical dotted line
denotes ). Horizontal error bars denote the range of radii sampled; the vertical error bars are one standard deviation from a bootstrapped sampling of the
data. The two mass regimes have significantly different forms: the higher mass galaxies quickly plateau in both plots with increasing radius.

test this, we run a DS test for the high-mass galaxies within r,p9. We
find P(A) = 0.43, meaning that there is no significant sub-structure
for the massive central galaxies. One alternative explanation is that
the lower mass galaxies can have their profile flattened quicker than
the higher mass galaxies following accretion on to the cluster. This
would agree with the conclusions of Brough et al. (2008; see also
Pimbblet 2008) who note that the time-scale for new accretion on
to the cluster potential is shorter than that required to relax multiple
nuclei in brightest cluster galaxies; more massive galaxies would
seem more able to retain a larger peculiar (to the cluster) velocity.

7.2 Filaments, duty cycles and discussion

Filaments of galaxies have been noted in the literature as having
a pre-processing role in the evolution of galaxies that are being
funnelled along them to the galaxy clusters that they inter-connect
(e.g. Fadda et al. 2008; Koyama et al. 2008; Porter et al. 2008).
We select three of the filaments leading off the core of A1691 by
a visual inspection of Fig. 3: one going north, in the direction of
cluster candidate 632 of Yoon et al. (2008); the eastward extension
of A1691, and the thin curved filament heading broadly south from
the cluster. We investigate these three filaments, both combined
and as individual objects, for trends deviating from that of the
cluster as a whole but are unable to find an excess of starburst
galaxies, post-starburst galaxies (k+a types), emission line types,
star formation rates or specific star formation rates. On the surface,
this is contrary to the results of Porter et al. (2008) and the IR study
of Fadda et al. (2008). We note, however, that the Porter et al. results
concern inter-cluster filaments of a straight morphology. The only
filament in our sample that could fall under that category in our
sample is the one running to the north of the cluster core, in the
direction of cluster candidate 632 of Yoon et al. (2008). Being of
the order of 5 Mpc long, this one would have been excluded from
the Porter et al. sample for being too short. There is potentially
an interesting inference from this null result: that filaments need a
sufficient mass to pre-process galaxies and cause the enhanced star
formation observed by Porter et al. A larger sample of weaker (i.e.
lower mass) filaments will be able to resolve this in the future [e.g.
using the Galaxy And Mass Assembly (GAMA) data set; Driver
etal. 2011].

Taking the above results together, the duty cycle of lower mass
galaxies appears to be distinct from higher mass ones (Haines et al.
2006; Oemler et al. 2009 and references therein; von der Linden et al.
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2010). Haines et al. (2006) and von der Linden et al. (2010) both
deduce a different environmental dependence for the star formation
of low- versus high-mass galaxies that we are able to test using the
data for A1691. In Fig. 14, we compare the star formation rates and
specific star formation rates of low-mass [log(stellar mass) < 10.5]
and high-mass [log(stellar mass > 10.7] galaxies as a function of
radius from the cluster centre for the mass-bias-corrected sample.

The two different mass regimes have significantly different forms:
the high-mass galaxies plateau in both specific- and star formation
rates at radii larger than ) whereas the lower mass galaxies follow
a strong increasing trend. These results agree well with Haines et al.
(2006) who note that dwarf galaxies transition from being passive
(i.e. rates consistent with massive galaxies) within Ryisia to being
highly star forming outside this radius.

Therefore, the low-mass galaxy population appear to undergo a
starburst event at some distance from the cluster core (more likely
a large radius), before fading into a redder population (cf. Porter
et al. 2008). This starburst phase is likely to be at least partially
(perhaps mainly) responsible for the Butcher—Oemler effect and
therefore the effect may simply measure how efficiently low-mass
galaxies are being processed by the cluster environment at this
redshift.> As low-mass galaxies approach the cluster core, their
star formation has likely been shut down and they will readily
be undergoing morphological transformation (although the time-
scale for morphological transform will be different to star formation
truncation and colour change). Those lower mass systems in the
centre of the cluster have a much smaller velocity dispersion profile
than the high-mass ones (the inverse being true at larger radii). This
suggests that the low-mass galaxies at the outskirts have recently
been accreted, whereas those in the centre have had their velocity
profile dampened more quickly relative to the massive galaxies that
are better able to retain a higher peculiar velocity in the cluster
frame.

Meanwhile for more massive galaxies, star formation appears
to have been shut down a long time ago in the main part, but
almost certainly shut down prior to morphological transformation
and (potential) eventual merging with other red and dead cluster

2 This ties into the idea of down-sizing (Cowie et al. 1996). At higher
redshifts, it may be the case that more massive galaxies will be driving the
Butcher—Oemler effect, but such a hypothesis requires further testing and
discussion (see e.g. De Propris et al. 2003; Raichoor & Andreon 2012a,b),
which is beyond the scope of this single-cluster, low-redshift study.
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galaxies. Star formation in massive galaxies (when it occurs) would
therefore seem to be driven by the gas reserves of the galaxies rather
than through a starburst phase. We infer that the evolution of the
massive galaxies is more gentle and a slow affair compared to the
brutal treatment of the low-mass galaxies.

We terminate with a few caveats. There are implicit dangers
in plotting various parameters as a function of distance from the
cluster core due to the covariance of the changing morphological
mixture of galaxies (Dressler 1980; see also Pimbblet et al. 2002;
Andreon 2003), projection effects (Diaferio et al. 2001; Rines et al.
2005), as well as the existence of ‘backsplash’ populations — those
galaxies that are on radial orbits that have visited the high-density
core regions of the cluster and subsequently been slung back to
larger distances away from the centre (Gill, Knebe & Gibson 2005;
Pimbblet 2011). The latter two in particular may be problematic.
In the case of the former, star-forming galaxies that are close to the
cluster core may simply be interlopers. This means that the fractions
of star-forming galaxies presented in Table 2 should be regarded as
upper limits at small distances from the cluster centre. Secondly,
the backsplash population can cause any gradient with distance
from the cluster centre to be dampened or smeared in relation to a
full three-dimensional treatment (Atlee & Martini 2012; Ellingson
et al. 2001; Balogh, Navarro & Morris 2000) which would render
the points further away from the cluster core in Fig. 9 as lower
limits.

8 CONCLUSIONS

We have presented an investigation of the galaxy population of
Abell 1691, an intermediate X-ray luminosity cluster from SDSS
data. Our main conclusions can be stated as follows.

(i) We have determined new global parameters for Abell 1691,
including recession velocity (¢z = 21257 +54 kms~') and velocity
dispersion (0., = 1009f§2 kms~!). The cluster is morphologically
relaxed in its core regions, with no significant sub-structure within
ra00 and is ‘fed’ by multiple filaments of galaxies within which a
number of sub-groups reside.

(i) We identify AGN from a BPT diagram and show that the
cluster AGN fraction increases with radius from the cluster centre
and is mostly driven by massive [log(stellar mass) > 10.8] galaxies.

(iii) The blue fraction of the cluster population also increases
with radius away from the centre but is driven by lower mass galax-
ies [log(stellar mass) < 10.8]. Emission line galaxies follow a sim-
ilar pattern. Moreover, the emission line galaxies are found to be
driven by low-mass galaxies in the cluster [especially the recently
starbursting e(a) class]. This suggests that some low-mass galax-
ies starburst as they are accreted on to the cluster before fading to
redder colours and having their morphologies transformed. Accord-
ingly, we suggest that the Butcher—Oemler effect could therefore be
a consequence of mass selection effects.

(iv) Massive galaxies are predominantly red, occupy the centre
of the cluster, are non-star-forming, have a different velocity dis-
persion profile to other cluster galaxies and are likely to have had
a significantly different duty cycle compared to the bluer galaxies.
We have investigated the environment and mass of red and passive
spiral galaxies (which are likely to be a transition class object) and
show that they are also driven by mass but do not have a preferential
position (environment) within the cluster.

This paper follows Jensen & Pimbblet (2012) and is our sec-
ond paper examining the ‘environment’ of intermediate Ly galaxy
clusters.
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