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ABSTRACT

We examine the effects of pre-processing across the Conex8uster, including 3505 galax-
ies over~500 ded, by quantifying the degree to which star-forming (SF) atiis quenched

as a function of environment.

We characterise environmsimguthe complementary tech-

nigues of Voronoi Tessellation, to measure the density,feld the Minimal Spanning Tree,
to define continuous structures, and so we measure SF pets/a function of local density
and the type of environment (cluster, group, filament, and voéa)d quantify the degree to

which environment contributes to

uenching of SF activ@yr sample covers over two or-

ders of magnitude in stellar mass ¢P0to 10''M), and consequently we trace the effects
of environment on SF activity for dwarf and massive galaxikstinguishing so-called ‘mass
quenching’ from ‘environment quenching’. Environmentadlriven quenching of SF activity,
measured relative to the void galaxies, occurs to progrelgsgyreater degrees in filaments,
groups, and clusters, and this trend holds for dwarf andireagalaxies alike. A similar trend
is found usingg — r colours, but with a more significant disparity between gglavass bins
driven by increased internal dust extinction in massivaxjak. The SFR distributions of mas-
sive SF galaxies have no significant environmental depargjént the distributions for dwarf
SF galaxies are found to be statistically distinct in mostremments. Pre-processing plays
a significant role at low redshift, as environmentally-drigalaxy evolution affects nearly
half of the galaxies in the group environment, and a signifiéaaction of the galaxies in the
more diffuse filaments. Our study underscores the need fwitgaty to dwarf galaxies to
separate mass-driven from environmentally-driven effeand the use of unbiased tracers of

SF activity.

Key words: galaxies: clusters: general — galaxies: evolution — ieflagalaxies — ultraviolet:

galaxies.

1 INTRODUCTION

Studies of massive galaxy clusters and groupsz at 1 typi-
cally find environments with little-to-no star formationtixdy,

in sharp contrast with the field. Over-dense regions are -domi
nated by red, passively-evolving SO and elliptical galsxiehereas
more sparsely-populated regions tend to have galaxies spith
ral morphologies, younger stellar populations, and syatieally
higher star formation rates (Dressler 1980; Postman & ©£884;
Pimbblet et al.l 2002| Poggianti et al. 2006; Haines 2t al. 7200
Gavazzi et dl.| 2010;. _Mahajan, Haines, & Raychaudhury |2010;
Peng et all 2010; Scoville etlal. 2013). An observed trenchef i
creasing blue galaxy fraction with redshift (the ‘Butcl@emler’
effect; Butcher & Oemlér 1984) has been interpreted as aeile
for higher star formation activity and stellar mass buifaiuhigher
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redshift clusters — or alternatively, that star formatismuenched
more recently by one or more processes in over-dense regions

Several physical mechanisms can account for the quench-
ing of star formation in over-dense regions (for a reviewe se
Boselli & Gavazzil 2006). Galaxies in environments with suffi
ciently low velocity dispersions can be strongly perturbganerg-
ers. Galaxies can also be transformed more gradually by an en
semble of small perturbations with neighbours, a procefiedca
harassment|_(Moore etlal. 1999). Tidal forces can strip away a
galaxy’s halo gas (starvation; Larson, Tinsley, & CaldwEdS0;
Balogh, Navarro, & Morris 2000; Bekki, Couch, & Shioya 2002)
cutting off a fuel source for future star formation and leagto a
gradual decline in SF activity. In the high-density coresnads-
sive clusters, the hotTg ~ 10keV) intra-cluster medium (ICM)
can quench star formation by removing gas from galaxiesaria r
pressure stripping (Gunn & Gott 1972; Abadi. Moore, & Bower
1999; | Quilis, Moore, & Bower| 2000; Kronberger et gl. 2008;
Bekk||2013). The relative strengths of these physical meisias
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are strongly dependent on the cluster or group propertigsadi-
cal state, mass, and intra-cluster or intra-group mediund)eavi-
ronment.

Targeted studies of galaxy clusters or groups zak
1 have revealed overwhelming evidence that galaxy transfor
mation occurs not just in dense cluster cores, but at lower
densities characteristic of cluster outskirts or galaxpugs
(Zabludoff & Mulchaey! 1998). Studies with star formatiomar
ers in the IR|(Fadda et al. 2000; Marcillac etlal. 2007; Traalet
2009;! Bai et all_2010; Biviano etal. 2011), UV (Just et al. 201
Lu etal.| 2012] Rasmussen etflal. 2012), and optical emidsien-

picture of the effects of environment on galaxy evolutioartker-
more, studies extending to highetend to sample a smaller dy-
namic range of environments, which similarly reduces oabi
ity to draw general conclusions about environmentally-ttipro-
cesses. A comprehensive view of galaxy evolution in difieen-
vironments must be sensitive to a large dynamic range of tieoa
sities in order to capture not just the dense regions, liksters and
groups, but the more diffuse filament and void regimes.

A key challenge faced when interpreting the many results
examining galaxy evolution, in addition to the aforemen¢id
sources of potential bias, is the wide range of methods graglto

measures| (Tran etlal. 2005; Poggianti et'al. 2006) have showncharacterise environment. Recently, Muldrew et al. (2QE2d an

evidence ofpre-processing, whereby infalling galaxies undergo
changes prior to their arrival in the galaxy cluster, or giga
are transformed entirely in the group environment (Fujig@4®
Bahé et al. 2013). The pre-processing hypothesis has a&en b
supported by studies of the environmental dependence @xygal
morphology [(Helsdon & Ponman 2003; Poggianti et al. 2009) an
colour (Mok et all 2013; Trinh et &l. 2013).

Numerical simulations have also been used to study the sause
and implications of galaxy pre-processing. Bekki & Couc81(?)
showed that the dominant physical processes galaxies lalg li
subjected to in group environments, specifically the frequesak
tidal interactions of harassment, are capable of transfayrate-
type, disk-dominated galaxies into bulge-dominated,yeigpes.
Furthermorel, McGee et lal. (2009) used simulations of dartana
halo merger trees, with semi-analytic models (SAMs) to fexgu
the haloes with galaxies, and traced the histories of thelaied
galaxies that ended up accreting onto cluster-mass halaifer-
ent epochs. In doing so, McGee el al. (2009) determined waet f
tion of those cluster galaxies had resided in haloes chexiatit of
group-masses for a long enough time to have been pre-peatess
prior to entering the cluster. The results of their simalatshowed
that at low redshift a large fraction of cluster galaxies|dduave
been affected by their environment prior to entering thestely
while at earlier epochs the fraction of pre-processed gadain
clusters should steadily decline. The fraction of clustalagies
affected by pre-processing in the McGee etlal. (2009) sitima
depends on the assumed timescale for the physical prosgas(e
group environments to affect galaxies, and also has aistelias
dependence. Although many assumptions go into this simualat
the result highlights a key point that the role of pre-preasg has
likely varied significantly over cosmic time, and thatzat O pre-
processing should be extremely prevalent.

array of different environmental mapping techniques, Wwiiould
be roughly grouped into two categories: nearest-neighboeth-
ods, which measure galaxy density with an aperture thatggsan
depending on the local galaxy density, and fixed-apertuch-te
nigues, whose apertures do not vary, to examine a mock galaxy
cataloguel_Muldrew et al. (2012) found that these techmiquam
analyse the same data set and get different results, butheat
nearest-neighbour methods appear to be optimal for maghig
density fields within massive haloes, while the fixed-apertoeth-
ods are better suited for probing superhalo distance scHfiese-
fore, the technique that is optimal to identify large scatactures
(LSS), like clusters, groups, and filaments, is not necégshe
best choice for measuring the density fields within thosectitres.

In this work, we seek to quantify the role of pre-processing
in the local universe by analysing the rest-frame colour stag-
formation activity of galaxies as a function of environmener
about three orders of magnitude in projected density in the&
Supercluster. By focusing on a lonfield, we ensure that our sam-
ple of galaxies, taken from the Sloan Digital Sky Survey (SDS
York et al.| 2000), is spectroscopically complete down to dwa
massesNl, > 1035M.). Furthermore, we do not have to rely on
photometric redshift (phota) measurements, which would intro-
duce additional contamination due to interlopers in ourgarand
significant smearing along the line-of-sight. To map theiremv
ments of the supercluster, we employ two complementary-tech
niques: Voronoi Tessellation (VT) and the Minimal Spannimge
(MST). The former is a nearest-neighbour-based approalithw
can measure the local density field effectively over thedady-
namic range of densities that we find in the Coma Supercluster
The latter technique is most effective at characterisinginaous
structures, like clusters, groups, and filaments, and thereve use
the MST to differentiate the types of environment extendingr

Recent studies have suggested that the quenching of SFsuper-halo scales. Our combined VT and MST approach allews u

activity in cosmic history is primarily driven by two distit
and possibly separable, components: secular evolutiommass
guenching’) and environmentally-driven processes (owiten-
ment quenching’;_Baldry et 8l. 2006; Peng et al. 2010). Haxev
see also De Lucia etlal. (2012) for a discussion about higtery
bias affects one’s ability to disentangle mass- and environment
guenching. Nevertheless, any attempt to examine the emaeo-

tal dependence on galaxy evolution must include a carefidwatt
for the possibility that one’s galaxy selection functiors maass bi-
ases, particularly since the galaxy stellar mass functdknown

to vary with environment_(Cooper etlal. 2010). Concerns absu
ases introduced by the galaxy selection function are conged
when examining galaxies over a wide range in redshift, assone
sensitivity, in galaxy mass and in other properties, likdeRSwill
undoubtedly also vary witk. As a result, in many of these stud-
ies that extend to higherone must restrict one’s sample to only
massive galaxies with high SFRs, and thereby have a lesslemp

to select discrete components of the cosmic web by expipitie
fundamental density contrasts of the cluster, group, fitamand
void environments. Another benefit of the proximity of ourget
field is sensitivity to low SFRs, as our combined approachssf u
ing the Galaxy Evolution Explorer (GALEX; Martin et al.| 2005)
and Wide-Field Infrared Survey Explorer (WISE; Wright et al
2010) to recover unobscured and dust-obscured star-frmmat-
tivity, respectively, across the entire Coma Supercludvn to
0.02M,, yr— 1.

Section[2 describes the Coma Supercluster and our sample
selection process, with our data from SDE&B\LEX, and WISE.
In Section[8 we outline our techniques for mapping the LSS in
the Coma Supercluster, and in Secfidn 4 we present our iresult
SFRs and comparisons of SF activity and colour versus emviro
ment. In Sectiofils5 we discuss the implications of our resaks
compare our work to previous studies. Throughout this paper
use cosmological parameteg, = 0.70,Qy = 0.30, andHy = 70

© 2014 RAS, MNRASD00, [1H23



km s~ Mpc—1, where pertinent cosmological quantities have been
calculated using the online Cosmology Calculator of E. Lightr
(Wright |2006). Throughout we assume a Kroupa IME_(Kroupa
2001), and hereafter we will refer to galaxies with stellasses
M. <10°5M, as dwarf galaxies, and those with.M 10°5M, as
massive galaxies.

2 SAMPLE SELECTION

The Coma Supercluster is an ideal field to observe signabfres
galaxy transformation in different environments. It cansatwo
rich galaxy clusters, Abell 1656 and Abell 1367, and sevgatdxy
groups distributed in a filamentary pattern between the tusters
(Gregory & Thompscon _1978). Furthermore, the two clustees ar
in very different dynamical states, with A1656 being reldvand
A1367 still undergoing significant merging (Donnelly et/5098;
Girardi et all 1998; Cortese et/al. 2006). The close proximithe
superclusterZ~ 0.023) allows us to probe its galaxy population
down to dwarf massesM, ~ 108°M.) with a spectroscopically
complete sample, and the geometric alignment of the suystec|
with the galaxy distribution extending largely perpendtcuo our
line-of-sight (Chincarini, Giovanelli, & Haynes 1983), k&s it an
ideal case study to examine galaxies in a wide range of emviro
ments with minimal projection effects.

Past studies of the Coma Supercluster have been primarily fo
cused on the most massive cluster, A1656. Its low redshit h
galactic latitude I§ ~ 88°), and richness ensured that it received a
great deal of attention from observers in early extragalattid-
ies (see Biviano 1998, and references therein). A signifisab-
structure~1 Mpc SW of the centre of A1656, which has since
been positively identified as an infalling group_(Neumanalet
2001), was noticed first by the high local concentration daga
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a strong bimodal distribution between active and passivea&F
tivity, using the equivalent width EW(&), and determined that
the passive galaxies preferentially lie in regions withheig lo-
cal galaxy density. One of the first major systematic studies
the environmental dependence of galaxy properties acroegaC
using spectroscopically-confirmed members, was by Gaet#di
(2010). They used SDSS DRY7 to seleet000 supercluster mem-
bers, and characterised the local environment around esakyg
by measuring the volume density of galaxies within a cylirafea-
dius 1h~IMpc and a half-length of 1000 knv$ (but with a slightly
modified treatment of galaxies associated with the clustersle-
scribed in AppendiXB). They examined the optical coloursy-m
phologies, and frequency of post-starburst galaxies ferdifit en-
vironments, and found a weak dependence of galaxy colour and
morphology with environment for the most massive galaxiesa
strong dependence of colour and morphology on environnaent f
dwarf galaxies, and also that almost all post-starbursixigs re-
side in higher-density regions.

Mahajan et al. [(2010), using a similar sample of SDSS-
selected members of Coma, examined the local fraction of sta
forming and AGN-hosting galaxies (characterised using SDS
spectral line measurements) vs local projected densitgy Tdund
a similar broad trend as Gavazzi et al. (2010), whereby etand-
tion in dwarf galaxies is strongly quenched at higher désiand
more massive galaxies show a weaker dependence on locéldens
Mabhajan et &l. (2010) also used observations fBpitzer MIPS at
24um, which are available only for the core regions of A1656 and
A1367, to obtain a complete accounting of star formatioivagt
in the highest-density regions of Coma. For A1656, the maaie-m
sive of the two clusters, they found significant IR detectionly
in the infalling regions, and recovered the expected catii be-
tween dust-obscured and unobscured SFR with clustericeatr
dius. However, for the less massive A1367 they found therseve

ies centred on the galaxy NGC 4839, and was later confirmed by radial dependence for the fraction of star-forming galaxigen

a diffuse X-ray profile and radial velocities of member g&ax
Caldwell et al.|(1993) found a large humber of ‘post-stasbu(or
k+A) galaxies coincident with the NGC 4839 group, leadinghi

SF activity is derived by the optical measure vs IR measunés T
result seems to indicate that an accounting of all trace®d-cdctiv-
ity, un-obscured and dust-obscured, may be required to geta

conclusion that the NGC 4839 group had experienced a burst of picture of the quenching of SFR in galaxies.

star formation~ 1 Gyr ago|(Caldwell & Rose 1997), possibly trig-
gered by tidal effects of the group-cluster merging (Belk®®9).
A study byl Poggianti et al. (2004), examining emission-larel
k+A galaxies in the core region of A1656, found a spatial cor-
relation between these galaxies and known X-ray sub-strest
from INeumann et all (2003), which indicates that strippirgnf
the shocked ICM might be an important factor in triggeringrst
bursts, and subsequent quenching, for infalling galaxies.

Studies of the entire supercluster population had to wait fo
new all-sky surveys with sufficient sensitivity to detectlaga
ies down to dwarf masses. Furthermore, a positive identifica
tion of supercluster members necessitates spectroscaqistifts,
which, prior to the SDSS catalog, only existed for the most
massive galaxies and those immediately around the twoechist
Kauffmann et al.[(2004) were the first to conduct an extensive
vey of the environmental dependence of star-formatiorviagiin

With the release of the WISE all-sky survey, we now have ac-
cess to the IR component of SF activity throughout the efitoma
Supercluster, and so this work presents the first look seagi
un-obscured and dust obscured SF activity for virtuallyalbxies
in all environments of the Coma Supercluster, down to geiesc
SFRs and with a sample of galaxies spanning over two orders of
magnitude in stellar mass. With our SFR sensitivity, andteah-
niques for mapping the components of the cosmic web, we ae in
position to put significant quantitative constraints on diegree to
which pre-processing affects galaxiezat 0.

21 SDSS

Our sample of supercluster galaxies is selected from DR&ef t
Sloan Digital Sky Survey (SDSS; York etlal. 2000), which has
mapped a large fraction of the skyugriz bands and performed an

galaxies using the SDSS, by comparing the SFRs, among otherextensive optical spectroscopic campaign complete (neBDSS

spectroscopic and photometric measures of galaxy pregetid
the local density around-122 000 galaxies in the SDSS Data

coverage areas) for galaxies witkc 17.77 mag. We select Coma
Supercluster members from the SDSS DR9 galaxy sample follow

Release One (DR1). They found that for galaxies at fixed stel- ing the selection criteria used by Mahajan et al. (2010),06ho

lar masses, the SFRs sharply decline at higher densitidsthan

ing galaxies with positions (170< RA(J2000 < 2007, 17° <

the presence of an active galactic nucleus (AGN) is also much DEC(J2000 < 33°) consistent with the Coma Supercluster and

more common in galaxies with greater local density. Haited e
(2007) used~ 3 x 10* low-z galaxies in SDSS DR4, and showed

© 2014 RAS, MNRAS000, [1H23

line-of-sight velocitiescz, within 2000 km s of either A1656
(cz= 6973 km s1) or A1367 €z= 6495 km s1), where the cen-
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tral velocity of each cluster comes fram Rines etlal. (2008)en-
sure no duplicate objects in our sample, we use only galaviths
the SPECPRIMARY designation set. To be sure that our saraple i
spectroscopically complete over the whole superclusterselect
only galaxies withr <17.77 mag. We have also excluded any galax-
ies with a ZWARNING flag to indicate a poor redshift determina
tion (which affects less than one per cent of galaxies in dnegge).
We also require detections in the WISE 3.4 andudrbbands for
our entire sample (less than 1.5 per cent of our sample laetesd
tions in these two bands), and we apply a stellar mass c\tsifig
stellar masses calculated with WISE photometry, see SH2i®)
such that all galaxies in our sample have M10%°M,. The M,
cut-off excludes just 130 galaxies, but it's necessary éwemt our
sample, which ig-band selected, from being biased at the low-
est galaxy masses towards only those dwarf galaxies whécthar
most actively star-forming. These selection criteria tegua sam-

ple of 3505 galaxies over the supercluster region covexibgO
ded on the sky. FigurEl1 plots the galaxy positions over the super
cluster. The virial radii for the two clusters plotted in Big[d1 come
from theRyqg (the radius within which the density is equal to 200
times that of the critical density) values determined byeRigt al.
(2003).

DEC (°)

170

Figure 1. The Coma Supercluster, with member galaxies selected tiem t
SDSS as described in Section]2.1. The two massive clust@sAN656,
SW: A1367) are identified by the red circles, which have radiial to their
virial radii. The virial radii come fromRyp9 measurements in_Rines et al.
(2003)

Having SDSS spectra for all of our galaxies, we can also mit- -

igate the contributions of galaxies dominated by an AGN,chhi
can otherwise contaminate our SFR estimates. Brinchmaaln et
(2004) used the emission lines of the SDSS galaxy spectiage ¢
sify galaxies according to a Baldwin, Phillips, & Terlevi¢BPT)
diagram |(Baldwin, Phillips, & Terlevich 1981), which cldpre-
lineates those galaxies which host LINER and AGN emission-co
pared to those dominated by emission from HIl regions. Wehese
Brinchmann et al. (2004) classifications to identify gatextdom-
inated by AGN or LINER emission, and we exclude the WISE

logue to GALEX was done using the Mikulski Archive for Space
Telescopes (MAST) database, with A gearch radius centred on
the SDSS galaxy positions. In cases of multiple GALEX madche
within the search radius, the GALEX match with a positionselo
est to that of the SDSS galaxy coordinate was used. The GALEX
bands are most sensitive to the photospheric emissionrsfsttn
masses> 5Mg, and thus the UV continuum measurements provide
an excellent tracer of recent star formation. Under theraption

22um observations from these galaxies when measuring their SF of a star formation timescale that's long relative to thesanfethese

activity throughout. Another benefit of having SDSS spédtra
formation on our galaxies is access to the ‘4@0f@reak’ index,

massive starstg > 108 yr), and a chosen IMF, one can derive
a SFRyy corresponding to a givenygy. The conversion between

Dn4000, which is a measurement of the ratio of the average flux an observed luminosity and a SFR will be accurate as longeas th

density in two narrow continuum bands, 3850-3858nd 4000-
41008 (Balogh et all 1999). This index correlates strongly with t
age of the stellar population in a galaxy, and has been shotva &
robust proxy for separating quiescent ‘red sequence’ geddrom
those that are more actively star-forming in the ‘blue cloudth
the approximate dividing line between these galaxy pojariat
at D,4000~ 1.6 (Treyer et al. 2007; Wyder etlal. 2007). Here-
after, we use measurements [Bf4000 for SDSS galaxies from
Kauffmann et al.|(2003). We also make use of thi ke, specif-
ically the index Hp (Worthey & Ottaviani 1997; Kauffmann etlal.
2003) which is described in greater detail in Secfionh 4.4.

We correct the optical-to-NIR band photometry for reddgnin
using thel_Schlegel, Finkbeiner, & Davis (1998) extinctioaps,
assuming the extinction curve of Cardelli, Clayton, & Mathi
(1989) with R,=3.1. For theGALEX bands we used the extinction
corrections of Wyder et al. (2007). We appliedorrections to our
photometry using kcorrect v2 (Blanton & Roweis 2007) to get all
UV-through-NIR photometry into the rest frame.

22 GALEX

We measure the un-obscured component of SF activity in Cama S
percluster galaxies from th@alaxy Evolution Explorer (GALEX;
Martin et al. 2005) GR6/GR7 data release, which includes-map
pings of the supercluster in Near-UV (NUV; 1750-27/§>pand Far-
uv (FUV; 1350—1750,3\) bands. Matching the SDSS galaxy cata-

emission picked up in one’s UV band is dominated by the light o
stars younger than $0/ears. Although the FUV and NUV bands
are both dominated by emission from young stars, if theredemt

or on-going SF activity, the NUV band contains a greatertfoac
of contaminating flux from stars as old asl0® years |(Hao et al.
2011 Johnson et al. 2013).

Our survey covers roughly 500 sg. degrees, and so it is unsur-
prising that theGALEX observation depths vary greatly across the
supercluster. Almost the entire supercluster has been edapjth
GALEX at various depths, but about 5 per cent of our galaxy sample
of supercluster members do not lie iGALEX coverage area. The
galaxies that are outside GALEX coverage regions are flagged
so that they are excluded from further analysis involvingaStv-
ity in the supercluster, as the SFRs we measure from WISEalon
will necessarily be lower limits. The shallowest obsemativith
GALEX in Coma has an exposure time of just 60 seconds, while
the deepest is about<@0* seconds. Therefore, to ensure that the
sensitivity of our catalogue to SkR is uniform across the super-
cluster, we must carefully account for the variation in céetgness
due to differences in survey depth. We measure completémess
representative sample GALEX NUV and FUV maps in Coma,
including the shallowest maps, by extracting a superaugtaxy
detected in the map and re-inserting that galaxy, with agafg
normalisations, into the maps. For each normalisation, ngert
100 of these ‘fake’ galaxies into a FUV and NUV map with ran-
dom positions, and then repeat 100 times for a total df rEb-

© 2014 RAS, MNRASD00, [1H23
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Completeness

Flux Density (Jy)

Figure 2. Completeness as a function of flux density for the shallowest
GALEX mappings of the Coma Supercluster. In blue we plot the caeple
ness in the FUV band, and in red the NUV. The two vertical dddimes
indicate the flux corresponding to 75% completeness, wihuiper x-axis
denoting the corresponding SER at the mean redshift of our Coma Su-
percluster sample.

domly placed galaxies per flux bin. We then run Source Exdract
(Bertin & Arnouts| 1996) on each of the 100 maps per flux bin to
determine the fraction of the ‘fake’ galaxies that we recoa® a
function of flux density. FigurEl2 shows the completenesstia
measure for the shallowest FUV and NUV map (with 60 second
exposure time) of the Coma Supercluster. We have taken tkesflu
corresponding to 75 per cent completeness in the shalldwdgt
and NUV maps (indicated by vertical dashed lines in Fiddre 2)
and we exclude any UV data for galaxies detected with fluxes be
low these completeness thresholds from our results. Thelebea
ness limit in NUV indicates that our Coma Supercluster cafiaé

is 75% complete to SRR, > 0.02M, yr—1 in all environments.

As Figure[2 shows, our SFR sensitivity in the Coma Super-
cluster is far greater in the NUV than in the FUV, and therefor
we choose to use the NUV band to derive SFRs. To avoid hav-
ing our SFR estimates significantly skewed by the presenem of
older stellar population, which can contaminate the NUVdbtana
greater degree than in the FUV, we will ignore NUV-based S&R e
timates for any galaxy whose SDSS spectrum shows a strofg ‘40
A break’, based o,4000> 1.6. This is explored in detail in sec-
tion[4.1.1.

23 WISE

A complete measure of SFR, especially for galaxies withaeas
ably high dust content, must include dust-obscured (ithireac-
ers of SF activity. A significant step forward in the measuzam
of star-formation activity in the Coma Supercluster hasently
been made possible with the all-sky data release from theeWid
field Infrared Survey Explorer (WISE; Wright etlal. 2010), ialin
has mapped the mid-infrared sky in four bands (W1-W4) centre
at 3.4, 4.6, 12.0, and 2240n. Of particular interest to our analy-
sis is the fourth band, which probes the blue-ward side ofitrst

© 2014 RAS, MNRAS000, [1H23
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Figure 3. Comparison of stellar mass estimates from the WISE bands W1 +
W2 (using the calibration of Eskew et al. 2012, convertedKoaupa IMF)
versus estimates from Kauffmann et al. (2003) (using fits@$S spectra

to stellar population synthesis models, and also with a gaolMF) for
galaxies in the Coma Supercluster. The solid line denote$ eatrelation,

and the dashed lines denote the boundaries of a systematicapwunder-
prediction of a factor of 10.

emission curve in star-forming galaxies. We match our SD&S c
alogue to the WISE point source catalogue by searching ith a 5
radius around each SDSS galaxy position, and selecting i&&EW
match whose position is closest to that of the SDSS galaxy. Fo
galaxies matched to the WISE point source catalogue, waégno
W4 fluxes whose signal-to-noise in W4 is less than three. We- me
sured completeness in W4 for a representative sample ofdh@aC
Supercluster, following the procedure outlined in Sedfigh For
WISE W4 we are 75% complete t@j] > 4.7 mJy, which means

our measurements of SiFRare complete to SRR >0.2 M, yr—1
for members of the Coma Supercluster (gt & 2.1 x 10°L ). For
comparison, the only survey prior to WISE capable of detecti
dust-obscured star formation activity across the entipestiuster
was IRAS ((Neugebauer et/al. 1984), whose completenessfimit
LR at Coma with its 2fm band is a full two orders of magnitude
higher (Lgr > 5x 1019 ).

The two shortest-wavelength WISE bands, which sample the
red side of the 1.um stellar photospheric feature, can be used
to robustly estimate total galactic stellar masses.)(MRecent
work by|Eskew, Zaritsky, & Meidt| (2012) gives a calibratior-b
tween flux densities measured $pitzer IRAC chl and ch2 and
a galaxy’s stellar mass (assuming a Salpeter IMF). We have ap
plied thel Eskew et al! (2012) calibration, converted to augio
IMF to be consistent with the rest of our study, using the WISE
bands W1 and W2. In Figufd 3 we plot a comparison between the
stellar masses of Coma Supercluster galaxies using theviesia.
(2012) calibration with W1 + W2 photometry and the stellarssia
estimates from the SDSS (Kauffmann et al. 2003), where we find
excellent agreement between these two independent measiure
stellar mass.
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3 MAPPING THE SUPERCLUSTER ENVIRONMENT

A key component of our analysis is to characterise the logal e
ronment in a physically meaningful way. Typically, this apgach
has involved a calculation of the local surface (2D) or vadu{8D)
density of galaxies to describe the environment near a gjataxy
based on the local density. A proper characterization ofrenv
ment requires not just a measurement of the local galaxyitgens
but a technique to resolve the structures (groups, filameits)
traced by galaxies. The latter task can be very difficult, 8SL
mapping techniques are often susceptible to biases irteatoy a
characteristic shape or size scale one is examining. Wedenal-
oped a technique to map LSS and characterise galaxy envérasm
in a manner which is independent of the shape and size sctie of
structure, and allows one to estimate local projected gatken-
sity over an arbitrarily large dynamic range of densitigsybing a
combination of Voronoi Tessellation (to calculate locaface den-
sity) and the Minimal Spanning Tree (to resolve continuduscs
tures).

3.1 Voronoi Tessdlation

VT is a method of decomposing a set of points into polygonts ce
(Voronoi cells), where each cell corresponds to one poidttae
boundaries of the cell enclose all of the surrounding spksest to
that point. VT has proven to be a very powerful tool for chéede-
ing the galaxy density field (e.¢.. Platen et al. 2011; Steei al.
2013). When using a 2D surface density measurement to daéne t
local galaxy density, one must be careful to not allow pridjec
effects to significantly contaminate the density estimateshelp
mitigate this we are using only spectroscopically-confamaem-
bers. We show in Appendix|B that our surface densities in the&
Supercluster correlate strongly with volume density eatén cal-
culated following the procedures lof Gavazzi et al. (201@y. &
additional strong demonstration of the effectiveness dfse den-
sity measurements as tracers of the volume density, seeeFigu
of |Gallazzi et al.[(2009), which shows a tight correlatiortvaen
surface density and volume density over about two ordersagf-m
nitude in density being probed in the Abell 901/902 supestelu

A common challenge when trying to measure the galaxy den-
sity field is determining the area (or volume) over which t@swee
the density at each galaxy’s position. Often the densitysues
ments are made on a size scale set by filensarest neighbour
or by using a characteristic kernel with an adaptive sizéeséd-
though these methods have flexible size scales, the shape of t
region used to calculate the density field is generally fixeal-
culating densities reliably over a very large dynamic raafjen-
vironments requires a technique that can adjust to arbisie
scalesand local geometry. VT addresses the difficulty of needing
both adaptive size and shape by using cells which autontigtac
just to the nearby density, and which assumeniori shape. In
regions of lower source density the cells are larger on gesrand
the cells get progressively smaller in higher density negidVith
VT, one can calculate the local density around a given g&apor
sition by taking the inverse of the area of the cell that esedathat
galaxy.

We compute the VT of the Coma Supercluster using the
QHULL function (Barber et al. 1996) inDL, which calculates
convex hulls for the 2D distribution of points. A common issu
with VT, and with any method of measuring the local densitidfie
is spurious density estimates arising near the edges of #E m
where many cells can be artificially large or even unbountléel.

avoid this issue entirely by adding galaxies from the SDS® DR
in a 10 degree-wide ‘buffer’ surrounding our Coma Supetelus
map, which all have redshifts consistent with Coma and theesa
selection criteria defined in Sectibn P.1, when calculatingVT.
We then exclude these buffer galaxies from further analgsishe
only purpose of these galaxies is to ensure that we do narsarffy
edge effects in our supercluster dataset. In Figlire 4 (heftplot
the Voronoi cells over the supercluster. We compare theildist
tion of cell densities in the supercluster to a set of 150037sm-
erated with source positions randomly distributed, buhereith an
equal number of sources and an area equal to the Coma Sigperclu
ter map. In Figurgl4 (Right) we show the cumulative distiidnubf
cell densities observed in Coma compared to the mean cuwaulat
distribution of projected Voronoi cell densities for thet s ran-
dom realizations. These random maps are necessary toigstabl
baseline density with which to compare our observed Voroebi
densities in Coma.

Figure[4 (Right) highlights a couple of key differences be-
tween the cell density distribution of the observed supistelr pop-
ulation and that of the random realizations. As one wouldceekp
since the supercluster contains regions of extremely hajaxyg
density, there is a much larger fraction of cells with deasiup-
wards of 100-1000 gal®Mpc—2 than in the random distributions.
But we also find that there is a larger fraction of cells in tfe@
Supercluster at very low densities, around 1-10 daMpc 2, as
a more clustered population implies that one finds more prenti
voids as well. The cumulative distribution of projected! cknsi-
ties in our full Coma catalogue gradually increases overresitie
range of logk)=0.5-3.5 [gal B Mpc—2], meaning that our super-
cluster map samples about three orders of magnitude ingteoje
galaxy density. The random distributions tend to sampleiaboe
order of magnitude in galaxy density with any appreciablmber
of cells. VT measures the density field across the huge dymami
density range of the supercluster, but it is less effectivesolving
continuous structures. Therefore, we now turn to the comeie
tary approach of the MST.

3.2 TheMinimal Spanning Tree

The MST is a technique for examining the local clusteringppro
erties of a distribution of points. The technique was firgdifor
astronomical data analysis by Barrow, Bhavsar, & Sonod85),9
and was instrumental for the first statistically rigorousedéon

of a filamentary structure on cosmological scales, seenaCfiA
catalogue|(Bhavsar & Ling 1988). The MST technique has been
used fairly sporadically over the past couple of decades,itbu
has been put to use in a variety of astronomical contexts-in re
cent years (e.d., Colberg 2007; Gutermuth €t al. 2009; Addual.
2010;[Durret et al. 2011). Recently, a study of the Galaxy And
Mass Assembly (GAMA| Baldry et al. 2010; Driver et al. 2011)
fields byl Alpaslan et all (2013) used the MST to trace filamgnta
structures by using the positions of galaxy groups ideutifieevi-
ously in their fields.

If we treat a distribution of galaxies as nodes, and connect
all nodes with branches (straight lines) such that no twadiras
cross paths, then we have constructed a spanning tree. @rere
many possible configurations a spanning tree can manifesh gi
series of nodes, but a spanning tree whose total branchhlésgt
a minimum is a MST. To construct a MST from the distribution of
galaxies in the Coma Supercluster, we use a cusi@mcode writ-
ten by R. Gutermuth (see Gutermuth €1 al. 2009). In ordertraeix
structures from a MST we must select a critical branch lergth,

© 2014 RAS, MNRASD00, [1H23
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Figure 4. (Left) VT of the Coma Supercluster, with cells colour codegdtire density paramete¥, derived from the figure to the right. (Right) Cumulative
distributions of Voronoi cell projected densities in Corbéatk solid line). We also plot the mean cumulative distiitou of Voronoi cell surface densities for
an ensemble of random maps generated with the same numlmiroés and same area as our Coma supercluster sample (ddéhedl The median density
of the ensemble of random maps is denoted by the verticakddste. The density indicated by the dashed line servesedsaseline for measuringfor the

left figure.

chosen so that subsets of the spanning tree with nodes dednec
entirely by branches of length<l; are separated (pruned, if you
will) from the tree and considered a distinct structure adem In
this manner, we can identify continuous structures tragethb
galaxy distribution, such as filaments, clusters, and ggowuyth
any arbitrary shape, exploiting the changes in the locatehing
properties associated with the angular power spectrunreTdre
two free parameters used to extract structures from a NggiTand

the minimum number of nodes necessary in a structure (thautg
our analysis we use a minimum number of eight galaxies tadavoi
any chance of projection effects leading to false posi}iviesFig-
ure[B (Left) we show our MST of the Coma Supercluster. Fifilre 5
(Right) gives the cumulative distribution of branch lergyth our
MST of Coma, and also plots the mean cumulative distribubibn
branch lengths from a MST computed over the ensemble of ran-
dom realizations described in Sectfon]3.1. Our cumulatieath
length distribution fundamentally mirrors the cumulatilistribu-
tion of Voronoi cell densities, with large branches cormyjing to

low cell densities, and vice-versa.

In Figurel4 we saw that the galaxies in our supercluster eesid
in an extremely wide range of local densities. We can theesta-
pect that the characteristic clustering scales of galanitree super-
cluster also vary greatly with environment. To identifyustiures
ranging from dense clusters to diffuse filaments and voiasenl
by the galaxy distribution we must apply a multi-tiered aygmh
to our mapping of the environment with the MST, whereby multi
ple critical branch lengths are used to select structureliffefent
characteristic densities. Our aim is to identify clustgraups, fil-
aments, and voids in the Coma Supercluster, and so we cheose t
particular critical branch lengths for our analydigit1 andlgrit2;
the former branch length is chosen to delineate the bourlokery
tween clusters/groups and the filaments, while the latteeliscted
to represent the boundary between the filaments and voids.

To choosdit1, we consider that groups and clusters should
have a minimum projected density €#0 galaxies A Mpc 2 (this
would vary depending on the depth of one’s survey, but in asec
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it's a reasonable estimate). Then we note that the projeleedity

of 40 galaxies A Mpc—2 corresponds to a cumulative fraction of
0.41 in our Voronoi cell density distribution (see Figlie Apd
since the MST branch length distribution mirrors the Voriored|
density distribution, the approximate branch length thatil cor-
respond to the density threshold of 40 galaxiésvpc—2 can be
found at a MST branch cumulative fraction of 0.59. For our MST
of the Coma Supercluster, the branch length at a cumulatae f
tion of 0.59 is 518, or ~0.25 Mpc at the distance of the Coma
Supercluster. Therefore, we identify structures in the M8iire-
sponding to clusters and groups by choosing sub-sets oféke t
which are all connected by branches of lenig#518’, and which
consist of at least eight members. Any such structure whesea
position is within the virial radius of A1656 or A1367 is ldbd
as part of a galaxy cluster, while any structure located héybe
virial radii of the two clusters is labeled as a distinct gglgroup.
Applying these selection criteria, we identify 741 clusgafaxies
and 716 group galaxies out of the 3505 galaxies in our sujsesi
sample. In practice, our method of identifying continuotrsics
tures via the MST is very similar to the Friends of FriendsR)al-
gorithm (Huchra & Geller 1982; Geller & Huchra 1983), but hwit
only galaxy surface densities being considered. To exjylieerify
the similarities between the MST and FoF approaches, weeabpl
the FoF algorithm to our Coma Supercluster sample usindantin
length equal tdit1, and find the same cluster and group structures
are identified as with the MST.

The population of galaxies residing in filaments in our map
can then be selected as those in structures connected hghbgan
of length 516 <I <lgit2. The determination offyito, as withleyit1,
is complicated by the fact that there exists no clearly-@efidelin-
eation between populations of filament and void galaxiesvéver,
to definelgit2 we follow an approach similar to what we described
previously. We begin by choosing an approximate projectu d
sity threshold corresponding to the transition betweemi#at and
void galaxies, which in this case we have taken as 10 galéies
Mpc—2. Then we identify the cumulative fraction of Voronoi cells
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Table 1. Environments of the Coma Supercluster defined using the MST
technique, as outlined in Sectibn 3.2. Column 3 gives tha tea of the
Voronoi cells of the galaxies in each environment. Columivégithe mean
Voronoi cell surface density of the galaxies in each envirent. Column

5 gives the log of the average specific SFR (SSFR=SERM galaxies

in each environment, taken as the sum of the SFRs of the galaxieach
environment (excluding galaxies which are dominated by @NAsee Sec-
tion[4.1, and those which are not@ALEX coverage areas) divided by the
sum of the stellar mass of all galaxies in that environmextl@gling the
galaxies not ilGALEX coverage areas).

Environ. Ny  Area <z> log(<SSFR>)
(h"?Mpc?)  (h* Mpc?) fyr ]
Cluster 741 19.5 108.5 -11.26
Group 716 57.5 38.7 -11.06
Filament 1292 423.6 6.3 -10.60
Void 756 891.0 1.7 -10.42

in Coma corresponding to that density (0.13), and therefake
lcrit2 @s the branch length corresponding to a cumulative fraction
0.87 in our cumulative branch length distribution, whici236',
or ~0.61 Mpc at Coma. Usinglarit» of 1286, and a minimum of
eight galaxies per structure, and excluding any galaxyéiréden-
tified as part of a group or cluster, we find 1292 galaxies negith
filaments in the Coma Supercluster. Finally, we select valdxjes
as anything which has not been identified as a member of a&clust
group, or filament. This is generally any galaxy whose sdjmara
from its nearest neighbour is greater tHag,, but it also can in-
clude groupings of fewer than eight galaxies separateddsythean
the aforementioned critical branch lengths. Overall, wect€735
void galaxies in our Coma Supercluster sample.

One reasonable concern about this technique is that it can
produce environmental demographics that differ dependimthe
choices for characteristic densities (e.g., if we had uskeddax-
ies £ Mpc2 to idenfitylit1 instead of 40, we would have fewer
galaxies in the clusters and groups and more galaxies inltze fi
ments), and therefore different conclusions might be dratwut
the environmental dependence on galaxy evolution. We addinés
concern in Appendik, by showing that our results are ingises
even to large variations in the choices fgf;. Figure[® shows a
map of the Voronoi cells of the Coma Supercluster colourecom
show cluster (red), group (green), filament (blue), and Yoiotple)
galaxies. Our sample of 3505 Coma Supercluster galaxigdits s
such that we have approximately 20/20/40/20 per cent inltie ¢
ter/group/filament/void environments. In Table 1 we prétesmba-
sic statistics of the four environments, including totaface areas,
mean projected densities, and overall star-formatiowiagtThese
four environments also generally differ in terms of thelatainass
content of their constituent galaxies. Figlile 7 preserdsdibtri-
bution of galaxy stellar masses in each of the four enviranme
which shows that the cluster and group environments areeskew
towards higher-mass galaxies than the filament and voidlpepu
tions. When we run a Kolmogorov-Smirnov (KS) test comparing
the stellar mass distributions of galaxies in each pair efren-
ments, we find that only the stellar mass distributions oftbster
and group environments are consistent with being drawn fram
same distribution (ps = 0.85 for cluster-group). Running a KS test
comparing all pairs of environments except for clusterigrgields
pks < 1x 1074, indicating statistically distinct stellar mass distri-
butions.

4 RESULTS
4.1 SFRs
411 GALEX

As previously indicated in Sectién 2.2, the UV coverage ssttbe
supercluster varies widely, and our completeness limithénar-
eas with the shallowest coverage do not afford us great SRR se
sitivity in the FUV band, but the depths of the observations a
much more favorable for the NUV. Measurements of SF activity
in the UV with GALEX typically utilise the FUV band rather than
the longer-wavelength NUV, because the NUV is known to suffe
greater contamination by flux from older stellar populasiavith
agest ~200Myr (Hao et al. 201.1). However, Johnson etlal. (2013)
find that the degree to which the NUV luminosity of a galaxy is
contaminated by an older stellar population strongly dates with

the star-formation history (SFH) of the galaxy. Therefare, use
theDp4000 measurements from the SDSS spectra to directly exam-
ine the effect of SFH on the SFRs calculated with FUV and NUV.
To get SFRs for FUV and NUV we use the following equations,
both of which are derived from the Kennicutt (1998) calitmator

a Kroupa IMF:

SFRryv _44( Lruv

———— =442x10 — 1
Mo yr-1 x ergs? @)
FRWOY _ 757,104 ( LNV ). @)
Mg yr-1 ergs1

Note that there are two effects we must account for if we wish
to use the NUV to reliably estimate SFRs. The firstis the diffiee
in the internal extinction of our galaxies in the FUV and Navd
the second is the differing contaminations of older stediapula-
tions on the SFR estimates. Both of these effects can be sxdite
by examining a comparison between SR and SFRuv, as
shown in FiguréB.

From Figurd_8 (Top) we find that overall the SFRs calculated
from Equationgl andl2 show an over-prediction of the §RR
relative to SFRRyy because of a combination of the two effects de-
scribed previously. The contamination due to older stgltzpula-
tions clearly causes a very large (upwards of a factor of Kbme
cases) over-prediction, and with a large spread for gedawiéh
Dn4000> 1.6. However, the galaxies with,4000< 1.6 predom-
inantly lie along an approximately flat distribution offsgightly
from a 1:1 correlation with SFR)y. This slight offset exhibited
by the galaxies dominated by younger stellar populatiosaised
by the difference in internal extinction in these galaxiesazen
the FUV and NUV bands, and so we can bring the NUV-based
SFRs in close agreement with those from the FUV by applying a
correction to all lyyy calculations. Our NUV extinction-corrected
SFRs therefore come from the equafidn 2 after correctjpgLfor
internal dust extinction. However, as the NUV clearly beesran-
reliable as a SFR indicator whé&my,4000> 1.6, we only consider
the UV component of SFRs for galaxies with4000< 1.6.

412 WSE

To calculate the infrared SFR from W4 luminosities, we use th
calibrations devised for MIPS 2dn presented in_Murphy et al.
(2011) [equation 5]:

S R22;1m

vLy(22um)
Mg yr—1

ergs1 ®

0.826
=5.58x 10736 { } )
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Figure 6. Coma Supercluster with Voronoi cells coloured by MST-defieavironments, with cluster (red), group (green), filan{bhie), and void (purple)
galaxies selected as described in Sedfioh 3.2.

[Goto et al.[(2011) conclusively established that the MIFERS ~ parison SFRg values using the calibration al. (2010,
calibration is accurate with the W4 band with just a 4% scattell and found that these comparison SFRs are in good agreentént wi
within the typical uncertainties of SkR estimates. To verify the the SFRs we calculate with Equatioh 3.
accuracy of our SFg measurements, we obtaineduf observa-
tions made with the PACS instrument (Poglitsch et al. 20hhe
Herschel Space ObservatoOlO) over aetutf
the Coma Supercluster. The observations we obtained (Bing- 413 GALEX+ WSE

son) cover 1.75 sq. degrees centered on A1656. We d()WnloadedUtiIising both the IR and UV measures of SFR, we can estimate
the level 25 processed data products using the Herschel Interac- the total bolometric SFR, assuming that $§R SFRg + SFRyy

tive Processing Environment (HIPE, [Ott 2010) tool, and amted following equation 9 of Murphy et all (2011), but for NUV rath
sources and fluxes within HIPE using the source extractor-SUS than FUV: '

SEXtractor [(Savage & Oliver 2007). After matching the Herdc
sources to our Coma Supercluster catalogue, we measured com SFRi

Mg yl’il

—757x 10744 (M) ) (4

egs?
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Figure 7. (Left) The differential distribution of galaxy stellar nmss for each of the four environments presented in Selc@n(Right) The stellar mass
distributions of each of the four environments plotted inmte of the fraction of galaxies within each environment. Heaser environments are skewed
towards more massive galaxies, while the less dense envinats have a higher relative fraction of dwarf galaxies.

For any galaxy detected in WISE W4 but not in NUV (or if
the NUV flux is below the completeness threshold described in
Sectior Z.R), we calculate its SFR using equdtion 3, assuthat
SFRot ~SFRRr. Similarly, when a galaxy is detected in NUV but
not in W4 we use equatidil 2, but in cases of detections in both
NUV and W4 we use equatidn 4.

Out of the 3505 galaxies in our Coma Supercluster sample,
1039 are detected in WISE W4 with a S/N of at least 3.0, but
131 of these galaxies have spectra indicative of a domin&iti. A
Therefore, we have the IR contribution to SFRs measured@8r 9
galaxies. Although 3139 galaxies are detected in the NUWIin o
sample, only 2703 galaxies have a NUV flux above the complete-
ness threshold shown in Figure 2. Therefore, we measure the U
component of SFR only for these 2703 galaxies. All togetiver,
have SFR measurements for 2798 galaxies: 95 with SFRs neeasur
only in WISE W4, 1890 with SFRs measured only in NUV, and 813
whose SFRs are derived from a combination of NUV and W4.

4.2 SFR versus Environment

421 SF Fraction versus Environment

Figure[® (Left) plots SFR versus stellar mass for galaxiethin
cluster, group, filament, and void environments, overlaiith fines
of constant SSFR. As we would expect from the established SFR
density relation at long the denser environments are host to a sig-
nificant fraction of quiescent galaxies, which are foundhethe
log(SSFR)=-11 [yr1] line in the four panels of Figurgl 9 (Left).
Conversely, we find a large fraction of the galaxies at lowsity
environments are SF. As stated in Sedfioih 2.2, 5 per centrsfon-
ple of supercluster members do not lie in areas mappdaiAEX,
and we therefore lack sensitivity to total SFRs for thesexges.
The galaxies not mapped BALEX are excluded from Figufé 9. To
examine the differences between star-formation activigech en-
vironment quantitatively, and separate from dependenceass,
we calculate the fraction of galaxies that are SF in eachremvi
ment separately for dwarf and massive galaxies. Figlire @hiRi
plots the fraction of SF galaxies as a function of the mearsitien
(from the Voronoi cell densities) of each of the four enviments.
We include horizontal error bars by fitting a Gaussian to thié ¢
density distribution in each environment, and defining tbeetror
as the standard deviation of the best-fitting Gaussian to. §amget
vertical error bars in our plot of SF fractions, we measuredtb
strapped errors by resampling the galaxy populations df eavi-

Next we examine the SFRs of Coma Supercluster galaxies as aronment 1000 times, allowing for repeats, and we estimatedh

function of environment using two complementary approachg
calculating the fraction of galaxies in each environmert thre
star-forming and by examining the specific SFR (SSFR=SER/M
and SFR distributions of star-forming galaxies in each -envi
ronment. Hereafter we define galaxies as ‘star-forming’) (BF
they have log(SSFR)-11[yr1] and, to avoid potential over-
estimation of SFR from contamination of the NUV by an older
stellar populationDn4000 < 1.6. Our choice for SSFR thresh-
old was motivated by our observation, as in other studieg.,(e.
Wetzel, Tinker, & Conray 2012), that the galaxy populatibiows
distinct bimodality about SSFR10- 11 yr—1. Adjusting the thresh-
old by which we define a galaxy as SF, e.g. by using the Elbalz et a
(2011) ‘star-forming main sequence’, systematicallytstifie frac-
tions of SF galaxies in each environment but does not affect t
overall trends of SF activity versus environment in our gtud

error on the SF fraction in each environment by measuringtte
dard deviation of the 1000 SF fractions from the resamplésl se
We find a steady decline in the fraction of SF galaxies as a
function of density from the void to the cluster environmenith
96% (65%) of the dwarf (massive) galaxies SF in the voids and
25% (11%) of the dwarf (massive) galaxies SF in the clusters.
The ‘mass quenching’ effects can be seen separately fromi ‘en
ronment quenching’, as the mass-dependent effects areteeflea
the different normalisations of the trends in Figlhte 9. Tieisult
strongly indicates that environmental factors play a rolguench-
ing star formation activity in higher-density environmgrand that
the group environment is undoubtedly a part of this quergcHim
terestingly, we also see a statistically significant deglim both
dwarf and massive populations, in the fraction of SF gakkie-
tween the void and the filament, which is not commonly conside
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Figure 8. (Top) Comparison between SFRs calculated using Equdfions 1
and[2. The black points are galaxies wiEh4000< 1.6, while the red
points haveD,4000> 1.6. The vertical dashed line indicates the 75% com-
pleteness threshold for SRRy in the shallowest coverage area for the
supercluster. The blue line indicates a best-fitting to thetridution of
galaxies withD,4000< 1.4, which are dominated by young stellar pop-
ulations. (Bottom) The extinction-corrected SFR compmarigor galaxies
with D,4000< 1.6.

as a site of environmentally-driven galaxy evolution. ledemost
studies of the evolution of galaxies versus environmentisogn
over-dense regions, and would group everything we classiffji-
ament and void galaxies together as ‘the field'.

There are some ways in which our technique for identifying
LSS could introduce an artificial trend showing a declinehia t
fraction of SF galaxies in the filament relative to the vofaur se-
lection ofljt1, which defines the threshold between cluster/group
and filament galaxies, is too short, then there will be cluste
group galaxies mistakenly identified as being part of therfdat
environment. And if cluster and group environments areiriatr
cally composed of a higher fraction of quiescent galaxtesn their
mistaken inclusion in the filament population would introdua
slight bias towards lower SF fraction in the overall filampopula-
tion. Furthermore, if the filament environment containslémam-
pact groups of galaxies, consisting of fewer than eight>xge¢ain
close proximity to each other, these small groups would bheried
by the MST algorithm when identifying groups, and they would
likely end up labeled as filament galaxies. If these smalugso
also contain a higher fraction of quiescent galaxies thanotrer-
all filament population, then they will contaminate the S&cfron
of the filament population. However, in AppendiX A we showttha
our results, including the lower SF fraction in the filamesiative
to the void, are still seen over a wide rangd @f values that re-
sult in unnaturally large, and unnaturally small, clusted @roup
populations, and that our results hold when requiring a mmimn
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of just four galaxies (rather than eight) per structure fifie with
the MST.

4.2.2 SFRDistribution versus Environment

One method of examining possible environmental impact on SF
activity is to compare the SFR or SSFR distributions of Skxal
ies in each environment. Doing so can help reveal the tinesta
any environmentally-driven quenching mechanism(s), asting
a distinct change in SSFR distribution of SF galaxies veesws-
ronment would indicate that quenching can occur on relgtiong
timescales. Wetzel et lal. (2012) examined the SSFR disiwifmiof
satellite galaxies (where ‘satellite’ refers to a galaxgttis not the
central galaxy of a host halo) of stellar maskgs>10°"M, resid-
ing in haloes of massddhg o = 1011° — 101°M,, selected using
a ‘group-finder’ algorithm with SDSS data, to determine \heet
there are trends in the quenching of SF activity of satslligtated
to the host halo mass, satellite galaxy mass, or the haloicea-
dius.|Wetzel et al.| (2012) show bimodal SSFR distributiorith w
progressively lower fractions of SF galaxies residing ifoba of
increasing mass, for all satellite mass bins in their sangpid they
find no evidence of a change in the SSFR distribution of SF@gda
across their sample. Similarly, Peng et al. (2010) foundvidesce
that the SSFR distribution of SF galaxies depends on envieon,
using a sample of galaxies taken from the SDSS over the fiedshi
range 0.02 z<0.085. However, the Peng et al. (2010) SDSS sam-
ple is biased towards massive galaxies, as-at0.085 it is com-
plete only toM, ~1094M. They apply a weighting scheme to
lower-mass galaxies by 1/éx to correct for incompleteness, but
this correction is only valid if the dwarf galaxies they dstat all
redshifts are an unbiased sampling of the dwarf galaxy ool

One of the most dangerous potential pitfalls when analysing
galaxy activity versus environment can come from a depeselen
of galaxy mass on environment. As Figlife 7 shows, the cluster
and group environments have higher relative fractions cfsine
galaxies compared to dwarf galaxies. The well-establistest] of
galaxy ‘downsizing’, whereby the more massive galaxiesxt,
and also had their SF activity quenched, at earlier epochs co
pared to dwarf galaxies (Cowie et al. 1996) can complicage th
interpretation of galaxy SF activity versus environmergcéuse
denser environments also tend to be traced by more massae ga
ies (Kauffmann et al. 2004). Therefore, it is possible totakis
enly identify the effects of downsizing, and the well-doanted
SFRM., correlation |((Noeske et al. 2007; Elbaz etlal. 2007), for
an environmentally-driven effect when examining popolasi of
galaxies with different mass distributions. We avoid thitfafi in
our analysis by examining trends of SF activity separataigvarf
and massive galaxies in all our environments, and we caeftrer
ensure that our results are not merely tracing the effectiowh-
sizing and secular evolution of galaxies.

Our sample, which is complete td, >10%°M,, allows us
to probe the SSFR distribution of SF galaxies to lower steflass
regimes than in the previous studies. In Figure 10 we shotitliea
differential and cumulative distributions of SSFRs for SHfagies
in each of the four environments of the Coma Superclustpg-se
rated by dwarf and massive galaxies. The SSFR distribuf@r&F
dwarf galaxies in lower-density environments appear todzked
at higher SSFRs than the dwarf SF galaxies of higher-deasity
ronments.

To quantitatively compare our SSFR distributions, we agply
Mann-Whitney U test (Mann & Whitney 1947), which computes
the probabilityR, (on a one-sided scale of 0-0.5) that two sets
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(Right) Fraction of SF galaxies, defined as having log(SSFR)[yr—] and D,4000< 1.6, in each of the four environments versus the mean Vororibi ce
density of the galaxies in those environments. The colmdiate separate bins in stellar mass, with dwarf galaxiddue and massive galaxies in red. The
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distribution in each environment. The vertical error baes & errors from a bootstrapping method described in SeEfian 4.2
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of points are drawn from an identical distribution, to theF&S
for all pairs of environments in the supercluster. This nsetmat

if Ry < 0.0014, we can reject the null hypothesis that two sets of
data points are drawn from the same distribution with attled&s
significance. When we contrast each pair of SSFR distribatfor
SF galaxies in the four environments, we find that only the &SF
of the cluster and group environments are consistent withghe
drawn from the same distribution. See Table 2 for Bhe,,, val-
ues. However, differences in the SSFR distributions of S&xies

in these four environments could arise due to an envirorahelet
pendence on SFR distribution of SF galaxies or due to diffege
in the underlying stellar mass distributions. To attempetmoncile
these two interpretations, we have also calculated the titita
between the SFRs of SF galaxies in the four environmentsthend
U statistics comparing the SFRs of dwarf and massive SF igalax
in each environment. These additional sets of U statistiesaso
presented in Tabld 2.

The SFR distributions of all SF galaxies in the differentienv
ronments, with U statistics denoted by, in Table[2, are much
more statistically likely to have been drawn from the sanstrdi
bution when compared to the SSFRs, which indicates thae tlser
a definite dependence on mass that is affecting these realiien
we compare the distributions of SFRs for SF galaxies segamato
dwarf and massive bins, denoteg R, and Ry, respectively, we
find that the statistical differences in these SFR distiimstare be-
ing driven mainly by the dwarf population. We cannot rule the
null hypothesis that all the SFR distributions for massiteeg8lax-
ies in all environments are being drawn from the same disioh,
whereas for dwarf SF galaxies only the cluster-group distions
are consistent with being drawn from the same distribution.

This result could be indicative of a number of things. Peshap
the environments of groups and clusters feature physicalitons
which can drive gradual quenching of dwarf SF galaxies. grasl-
ual quenching would have to occur on long enough timeschégs t
we would be capable of seeing a statistically distinct ‘grealley’
SF population at lower SFRs than the dwarf SF galaxies intowe
density environments. However, the process(es) actindotalys
guench dwarf galaxies in groups and clusters does not sebm to
affecting the massive SF galaxies, at least not to a suffidiegree
that the SFR distribution of massive SF galaxies in theshermig
density environments is statistically distinct from thetdbution
seen at lower-densities. It is difficult to draw strong cos@ns
from this result, as the sample sizes of SF dwarf and masalesg
ies in the high-density environments are small enough tleatnay
be seeing artifacts of small number statistics. A future\gtex-
panded greatly in overall sample size but still sensitiiewsmass
galaxies, may be needed to better address the environndepizth-
dence we find in our SFR distributions. Nevertheless, owltsfor
massive SF galaxies agree with previous studies (e.g. Reig e
2010; Wetzel et al. 2012) that have examined the envirorehent
dependence of SFR distributions of massive SF galaxies. rEhi
sult also underscores the importance of having greatexgatass
completeness in surveys aimed at examining trends in ga&heoy
lution versus environment, as being limited to only masgatax-
ies will lead to very different conclusions about the enmim@ntal
dependence of SFRs of SF galaxies.

4.3 Colour versus Environment

To examine the dependence of galaxy colour on environmest, w
considerg—r, or the equivalent flux ratidy / fg. Plotting the ratio

Pre-processing in thelocal Universe 13

Table 2. Mann-Whitney U test probabilities comparing the SSFR and SF
distributions for SF galaxies (with log(SSERN1[yr 1], D,4000< 1.6,
and positions withinGALEX coverage areas) in the four environments.
Pussr COmpares the SSFR distributions of all SF galaxies in the ££6m
percluster environmentBy., compares the SFR distributions of SF galax-
ies in all environmentfyg ., andRyg,,, compare the SFR distributions for
dwarf and massive SF galaxies, respectively, in all enwirents. Numbers
in bold indicate cases where we cannot rule out the null hgzi$ of the
SSFRs or SFRs being drawn from the same distribution withagtla &
significance.

Environments Puser Pugr Pugra Pugrm
Cluster-Group 0.17 0.37 0.026 0.046
Cluster-Filament <0.0014 0.042 <0.0014 0.13
Cluster-Void <0.0014 <0.0014 <0.0014 o047
Group-Filament  <0.0014 0.0085 <0.0014 011
Group-Void <0.0014 <0.0014 <0.0014 0.0036
Filament-Void <0.0014 0.0046 <0.0014 0.014

miliar bimodal galaxy distribution (e.g., Baldry etlal. 2)0with a
distinct red sequence and a blue cloud. To clearly sepaedtarnd
blue galaxies, we start by fitting a line to the distributidnoaly
the galaxies whose spectra are dominated by an older steltar
lation, by using thé>,4000 index. After fitting a line to the colour
versus stellar mass distribution of galaxies viix4000> 1.6, we
define the standard deviation of the red sequence populaitiont
that best-fitting line as thedLscatter. Then we define blue galaxies
as those which are lower than the 2hreshold below the red se-
guence line. Figurig11 (Left) shows our colour versus steflass
plots for each of the four environments in the Coma Supetetus
and demonstrates our selection of red and blue galaxies.

When calculating the blue fraction of galaxies in each envi-
ronment of the Coma Supercluster, we take a similar apprtach
our SF fractions and examine trends with respect to galayssrog
computing the blue fraction of galaxies in each environnsepa-
rately for dwarf and massive galaxies. Figliré 11 (Rightsengs
the fraction of blue galaxies in each environment and mass bi
as a function of the mean Voronoi cell density in the four en-
vironments. The horizontal and vertical error bars areutated
in the same manner as in Figurk 9 (Right). We find a trend of
steadily-declining blue fractions at increasing densijti®r both
mass bins, but with systematically lower fractions, esggcior
massive galaxies, when compared to the SF fractions of &igur
For dwarf galaxies, the blue fraction tends to be lower than t
SF fraction by less than 10% in all environments, with theagre
est deviation being in the group environment. The blue ivador
massive galaxies shows a much more dramatic decline cothfzare
the SF fraction, with blue fractions about 50 per-cent loimethe
lower-density environments. Figurel12 more clearly dertrates
the differences between our fractions of SF and blue gadeasea
function of environment, by plotting the ratio of dwarf-toassive
fractions.

The differences between our fractions of SF galaxies angl blu
galaxies most likely arise as a consequence of internahatidin
within the galaxies in our sample. Galaxies with high dusttent
may experience significant reddening of their optical ccdpand
the magnitude of their extinction is proportional to both thclina-
tion angle and mass of the galaxy, as demonstrated in Appéndi
ofGavazzi et al!(20213). Since our study includes both uscoted
and obscured measures of SFR, the SF activity of these galaxi

of f;/fg versus stellar mass for the entire sample reveals the fa- is ‘corrected’ for the loss due to extinction. However, thtical
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Figure 12. Ratios of dwarf-to-massive fractions of SF (green) and blue
(blue) galaxies versus environment. In all environmenés divarf popu-
lation is bluer and has a higher fraction of SF galaxies tihair massive
counterparts, but the differences between the mass birs isdre pro-
nounced in the blue fractions than in the SF fractions.

colours are not corrected for this effect in our study (omlyfbre-
ground Milky Way extinction), which can potentially intrade a
significant bias to one’s interpretation of the optical cotdensity
relation. Figuré 13 demonstrates the tendency for dustyyabi-

ies, particularly at high mass, to have redder optical asloby
showing that many massive dusty galaxies end up on the red se-
quence of @ —r colour versudM, distribution.

Our blue fraction results, if considered alone, would lead o
to conclude that the massive galaxies of the Coma Supegclust
exhibit a dramatically lower incidence of recent SF acjivitom-
pared to the dwarf galaxies, in all environments, and thabtrer-
all environmentally-driven quenching of massive galaises very
weak effect. Our results do show, as seen in Figure 12, thghah
fraction of dwarf galaxies are actively SF and bluer than sivas
galaxies in all environments. However, the degree to whiela&
tivity is suppressed as a function of galaxy mass, based en th
optically-derived blue fractions alone, presents a mditeg pic-
ture that is not in agreement with the results of our SF fomsti

4.4 Post-starburst Galaxies ver sus Environment

Post-starburst, or k+A, galaxies show spectral signatafdsav-
ing undergone significant SF activity in the recent pasi-
1.5Gyr ago), but have no substantial ongoing star-formatio
(Dressler & Gunn 1983; Couch & Sharples 1987; Poggianti.et al
1999). For a recent review, see Poggianti etlal. (2009), afid r
erences therein. k+A galaxies are commonly identified asbav
strong Balmer absorption features but little-to-no engissines
in their spectrum. These galaxies can serve as a valuabipasg
to identify the regions where significant SF activity wasensty
abruptly quenched, and therefore they provide a useful eoisgn
to our analysis, which so far has focused primarily on cctitng
populations of currently star-forming to currently quiestgalax-
ies.

We identify k+A galaxies following the definition of
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Figure 13. Flux ratios of r to g versus stellar mass for galaxies in eddhefour environments, like in Figufell1, but with galaxi@sour-coded by their
IR luminosities inferred from WISE [22]. The grey points iogte non-detections in WISE [22], while the purple, bluegen, and red colours indicate
progressively greater k. Note that we are excluding theg.information for any galaxy dominated by an AGN, as derivl4).

IMahajan et &l.[(2010), by selecting galaxies with EVB{H>3A Table 3. Statistics of k+A galaxies in the Coma Supercluster. Coldnn

(indicating strong absorption) and EWgH >-2A (meaning weak- gives the number of k+A galaxies. Column 3 shows the fraatibgalaxies
to-no emission). Note that the signs indicating emissioabsorp- in each environment that are k+As. Column 4 gives the log efrtiean
tion, positive EW for absorption and negative EW for emissire stellar mass of all galaxies in these environments, whilen@o 5 gives the

reversed from what was used|in_Mahajan d!t al. ([2010), refigcti log of the mean stellar mass of all k+A galaxies in the envirent.
a switch in the convention used for SDSS spectral line measur

ments. For EW(ld) measurements we use the ratio of the #ux Environ.  Nea  fiia log(<M.>)  log(<M.>kia)
to the Hx continuum obtained for SDSS DR10@al SpecLine. To Mc] Me]

obtain H) equivalent widths we used the Lick index measurement Cluster 32 0.043 10.03 9.13

Hdp, originally proposed Mﬂhﬂl&mm97) and d&vai Group 9 0.013 10.06 9.03

able in SDSS DR10 fronGal Speci ndx (Kauffmann et all._2003). Filament 19 0.015 9.86 9.13

Note that the Hr equivalent widths, which are explicitly available Void 2 0.0026 9.81 9.62

in GalSpecLine in addition to the flux and continuum measure- All 62 0.018 9.94 9.15

ments for Hx, are less accurate than taking the ratio of flux-to-
continuum because the equivalent widths are obtained utitsio
multaneous fitting of all lines, and sodHis blended with [NII]
unless one uses the flux-to-continuum ratio (C. Tremonivaje the general environmental distribution and average masfdesA
comm.). galaxies in the Coma Supercluster. Our sample differs densi
ably from that of Mahajan et al. (2010), who presented a ogtad

For our sample of 3505 supercluster galaxies, we find 62 hav- of 110 k+A galaxies in the Coma Supercluster using the same se
ing the spectral signatures of k+A galaxies. The k+A popofat lection criteria. We have determined that the inconsiseanbe-
in our sample is mostly dwarf galaxies predominantly concen tween our post-starburst catalogues stems from the signifitif-
trated in the high-density environments, with 32 and 9 k+kaga ferences in the spectral line measurements between thitisedit
ies in the cluster and group environments, respectivetyure[ 14 bylMahajan et al! (2010) and those which we are using. We elabo
shows the distribution of k+A galaxies, and demonstratesally rate on this comparison in Appendix C.
that these galaxies tend to favour high-densities. Tablee8emts Our results are in agreement with other studies of k+A galax-
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ies (e.g.| _Poggianti et al. 2004) which have found that thpess-
starburst galaxies are rare at layvand those that are seen in the
local universe tend to be dwarf galaxies. In contrast, ehssat
z= 0.5 were found by Poggianti etlal. (2004) to host a signifi-
cantly larger fraction of k+A galaxies, and the higlzartusters had
much more substantial populations of massive post-stsirgatax-
ies. These differences between low- and hagikely reflect the
global decline in SF activity and the effect of downsizindneseby

in the local universe massive starbursting galaxies areeslingly
rare.

5 DISCUSSION

5.1 What’sDriving Pre-Processing in the Coma
Supercluster?

Based on our results, in agreement with numerous otherestudi

galaxy groups at love-are prominent sites of galaxy transforma-
tion, as roughly half of all galaxies in groups in the Coma Su-
percluster are quiescent and red. The transformation mesrhés)

in the group environment can be a combination of different fa

tors, most notably galaxy harassment and ram-pressuppisigi

entering the cluster, and perhaps 25—-33 per-cent of thaigalab-
served out to B,j; have been pre-processed. For the most part, the
pre-processing of these galaxies has come from gravitdtinter-
actions in group-mass haloes prior to their accretion dmecctus-
ter, although there is some evidence that ram pressureisigipan
occur due to galaxy interactions with gas in the group emvirent
and in infalling regions of the extreme cluster outskirt2(&3).
Another possible reason for some of the quiescent galaries b
ing observed at large projected radii from massive haloeses-
shooting of cluster/group members (B2013). Galaxies waieton
elliptical orbits about massive haloes, and may have ajrbad a
pericentric passage within the virial radius of the hosbhabuld
be observed as far as2—3R;j; in projected separation from the
halo centre. These overshooting galaxies need not be poegsed
prior to their initial infall, as passing through the clustore at
least once can lead to significant ram pressure strippindidad
effects imposed on the galaxy. According to the simulatiofs
B2013, roughly half the galaxies observed atHR;, could be
overshooting galaxies on highly elliptical orbits, but ttffieaction
drops steeply and becomes negligible by3R,;.

5.2 Comparison with Other Studies

depending on the group host halo mass, dynamics of the 9oUP. 5 5 1 Coma Studies

and the possible presence of a hot intra-group medium (IGM).
detailed study of the velocity dispersions of group memlzerd
possible extended X-ray detections would help us to betteess
which physical mechanism is dominating the transformatitiie
group galaxies throughout the Coma Supercluster, or whétiee
dominant physical mechanism is a function of group mass en ev
galaxy mass, but such a study is beyond the scope of this work.

We have also found a marked decline in the fraction of SF
and blue galaxies between the void and filament populatimmd,
for dwarf and massive galaxies alike. This decline lead®unh-
sider what process(es) may be responsible for quenchirxigal
outside of the cores of clusters and groups, and some insight
be gained by examining the spatial distribution of quiesgatax-
ies in the supercluster. In Figurel14 we plot the positionthefall
quiescent and k+A galaxies in the Coma Supercluster. Theseui
cent galaxies in the filament tend to be clustered very nettreto
outskirts of galaxy clusters and groups, but at projectedisgions
that put them well beyond the virial radii of the closest niass
halo.

Since the Coma Supercluster has been the target of numeious p
studies examining the dependence of environment on galaxy e
lution, we have taken care to examine how our techniques &ur-m
ping the environment, and the conclusions we draw from ath-te
nigues, compare to previous work in this field. We apply thd-en
ronment mapping method presented in Gavazzilet al. (20&89; h
after referred to as G2010, which uses a fixed-aperturedtiast-
nigue to measure the volume density field over the Coma Super-
cluster, to our data set to compare our techniques sidediey-k
Appendix[B we describe our application of the density magpin
technique of G2010 in greater detail, and show that our \Gebta
surface densities correlate strongly with the volume dmssob-
tained by the methods of G2010.

We also demonstrate in AppendiX B that our segregation of
galaxies into cluster, group, filament, and void populationgen-
eral agrees with the delineations made in G2010 based oh loca
under- or over-density. However, in FigurelB1 we find a non-
negligible fraction of galaxies in our MST-defined envircemts

There are several possible reasons we find a pronounced build that are distributed amongst the other surrounding ‘envirent

up of quiescent, and k+A, galaxies in the filament environmen
at projected separations ef2-5 times the virial radii of massive
clusters and groups, and we can turn to recent work with sim-
ulations to help identify plausible scenarios. Bahé £{2013),
hereafter B2013, recently presented some results from G
project (Crain et al. 2009), which carried out higher-rasoh hy-
drodynamical simulations on portions of the Millennium Siax
tion (Springel et al. 2005) that span a wide dynamic rangenef e
vironments. B2013 focused on one particular result of theiGl
simulations: that environmentally-affected galaxies ‘atserved’

as far as~5 times the virial radius of the nearest massive cluster
or group halo. The simulations presented in B2013 are pdatiy

apt for comparing to this work, because the range of clugt@up
halo masses being examined, wihy ~1013-10"M,, closely
matches the mass distribution of structures we identifpénGoma
Supercluster. The simulation shows that for a massivearuste
A1656, atz ~0 we should expect that as many as two-thirds of the
galaxies within the virial radius have been pre-processext o

bins’ as defined by G2010. Some galaxies that we defined as clus
ter members end up re-distributed into the ‘cluster outsigroup
galaxy’ category of G2010, and some of our group galaxies are
shuffled into the ‘filament’ bin of G2010, which is to be expeztt
since these components of the cosmic web lack clearly-dkfine
boundary demarcations. However, it is worthwhile to not the
differences in environmental grouping of our study and Grarke
not entirely attributed to the use of different density #alds, nor
are the differences completely due to our use of 2D densitiesis
3D. Our assignment of a galaxy to a given environment is nettha
purely upon the local density surrounding that galaxy, lbsh an
whether the galaxy is continuously connected to a nearbgtstre
by sufficiently short MST branches. For example, a galaxgtied
on a cluster outskirts might be classified in a lower-densityby
the G2010 criteria, but if it is connected to the rest of thestgr by
projected branches of length |it1, then we would classify it as
a cluster galaxy.

Table[4 presents the basic statistics of the galaxy environ-
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Figure 14. Plot of the MST-defined galaxy environments, as in Fifiireuwith the positions of quiescent galaxies indicated bykbldots. The yellow stars
indicate the positions of k+A galaxies. The white solid leiscindicate the virial radii of the two clusters, and the@antric dashed circles indicate the 2R
and 3R;; radii. The cells with hatch marks indicate the galaxies n@ALEX coverage areas, which have been excluded from the anafySE activity in
this work.

ments obtained when using the methods of G2010, which helps tapje 4. Environments of the Coma Supercluster defined using the tech

demonstrate how their environmental selection differsnfrour nique of Gavazzi et all (20110). Column 3 gives the total af¢heoVoronoi
own. The primary difference between the G2010 environmamds cells of the galaxies in each environment. Column 4 givesrtaan Voronoi
the present work (as given in Table 1) is that the populatfarius- cell surface density of the galaxies in each environmeniui@o 5 gives the
ter galaxies, and the area covered by those cluster galéxiesich log of the average specific SFR (SSFR=SFRYM galaxies in each envi-
smaller by the G2010 criteria. The sharp drop in the aver&ferS ronmen_t, taken as the sum of the S_FRS of the galaxies in eaimrmmem
of the cluster population, as defined by G2010 criteria tiseao (excluding galaxies which are dominated by an AGN, see Geidil) di-

what we show in TablE]1 reflects the fact that the G2010 cluster vided by the sum of the stellar mass of all galaxies in thairenment.
galaxies reside only in the highest-density cluster coreere SFR

is most strongly suppressed. The fact that the number ofeclus Environ. Neg  Area <z> '09(<SSF'§>1)
galaxies is lower by 30%, while the total surface area of thster (™2 Mpc?) (W Mpc-2) yr—]
galaxies drops by more than half is indicative that the gatathat ‘Cluster’ 518 8.4 139.0 -11.47
we identify on the cluster outskirts, which are at lower pob¢d ‘Group’ 845 593 36.7 -11.17
densities, are preferentially getting re-distributeaitite ‘Group’ ‘Filament' 1373 436.3 9.5 -10.63
and ‘Filament’ populations in the G2010 designations. Hmwea Void’ 769 887.6 18 -10.41

large number of our group galaxies are also preferentiatyirgg
distributed into the ‘Filament’ category of G2010.

Furthermore, we want to be sure that our results, in terms of
the quenching of SF activity versus environment, remaigdiyr in Figure[9. The results of G2010 also showed an increasang fr
unchanged when using the methods of G2010 to map the envi-tion of early-type galaxies in higher-density environngehiut they
ronment of the Coma Supercluster. Using the environment des conclude that the bulk of the environmental-dependenceiverd
ignations given in Tablg]4, when we examine the fraction of SF by the dwarf galaxies in their sample, and that massive gedax
galaxies (dwarf and massive) we find the same overall trehds-o have little dependence on their environment. However, lisethe
creasing SF fraction at higher-density environments treateport G2010 study used —i colors, and was therefore prone to optical
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extinction bias for the colors of massive galaxies, it's sotpris-
ing that a much weaker environmental trend was seen for weassi
galaxies in G2010.

5.2.2 Other Sudies of Environmentally-Driven Effects

Scoville et al. I(2013) examined the SF activity of galaxissaa
function of local density in the two square degree COSMOS
(Scoville et all 2007) field over a wide redshift range (6:£53.0)
and split into 127 redshift bins using photometric redshifom
Iibert et al. (2013). They calculate local galaxy densityeach of
the redshift bins using VT, as well as an adaptive smoottech-t
nique for comparison, and show that early types with loweRSF
are more common at higher densities for redshifts betewi..3.
Furthermore, the degree to which the high-density popratif
galaxies differs from those at lower densities (in termsheffrac-
tion of early-type galaxies, and in mean SFRs) is more exdram
lower redshifts. The Scoville etlal. (2013) study providetuable
insight into the evolution of the relation between galaxpp®r-
ties and local density over cosmic time, but their sampléufes

a smaller dynamic range of galaxy masses and densities. areey
limited to galaxies that are more massivé.(>10°M), and to
lower projected densities (<100 galaxies Mpc?) than our cur-
rent study.

The Local Cluster Substructure Survey (LoCuSS; Smithlet al.
2010) is examining 30 X-ray selected galaxy clusterg &0.2,
with the goal (among others) of spotting SO-progenitorapiin
the act of undergoing morphological and SFR changes on the ou
skirts of these clusters. By focusing on a large sample cftets
at one low-redshift bin, they are able to statistically skripe
cluster-to-cluster variations in galaxy properties dowmbderate-
mass galaxies, and without being adversely affected byngitr
changes in galaxies, and cluster evolution, as a functiore@df
shift. The LoCuSS survey utilises Herschel PACS (Poglitstchl.
2010) photometry extending to cluster-centric radirdf.5 times
the virial radius, and with sufficient sensitivity to detdctlomet-
ric IR luminosities Lr > 3x10L, for the z~0.2 clusters. Our
sensitivity to Lr is almost two orders of magnitude deeper in the
Coma Supercluster, and we are also able to detect signsaxygal
transformation extending out to several times the virigiua of
clusters and groups in our survey.

The Galaxy And Mass Assembly (GAMA; Baldry etlal. 2010;
Driver et al! 20111) survey is built upon 300,000 galaxy speaib-
tained with the AAOmega multi-object spectrograph on thglan
Australian Telescope, for galaxies with 19.8 mag over 290 dég
spread over three fields. In addition to their new spectipgdbey
have GALEX UV photometry, UKIRT Infrared Deep Sky Survey
(UKIDSS;|Hewett et al. 2006; Lawrence etlal. 2007) NIR imagin
SDSS spectra and optical photometry, aferschel Astrophys-
ical Terahertz Large Area Survey (H-ATLAS; Eales et al. 2010
Rigby et al.l 2011) FIR imaging over their survey region. When
the completed survey is released, it will make an excellent-c
plimentary data set to the current study, and will be capabéx-
tending an analysis of galaxy properties versus enviromnfen
similar mass range as our present samplez t00.2. A recent
study by (Alpaslan et al. 2013) identifies filamentary stuues in
the GAMA fields out toz ~ 0.2 using the MST on galaxy group
positions, rather than on galaxy positions. They also uséiBT
on galaxy positions to identify diffuse ‘tendrils’ tracey balaxies,
and show that the structures they identify are also foundaokn
catalogues.

6 CONCLUSIONS

We have mapped the environments and calculated the prdjecte
density field of the Coma Supercluster in detail, identidyitne
regions with clusters, groups, filaments, and voids, udirgtivo
complementary techniques of Voronoi Tessellation and tli-M
mal Spanning Tree. The 3505 supercluster members withastell
masses M > 10%°M, are thus split into 741 cluster, 716 group,
1292 filament, and 756 void galaxies, allowing us to studyptiop-
erties of galaxies in these discrete environments.

We measure SFRs across the entire supercluster down to
0.02M,, yr—1 using WISE W4 an@SALEX NUV bands, while tak-
ing care to avoid biasing our SFRs by excluding the IR coutidn
for galaxies dominated by an AGN and the NUV contribution for
galaxies with spectral characteristics of an old stellgaytation.

The fraction of galaxies that are actively star-formingtftwi
log(SSFR}-11[yr 1)) is progressively lower in environments of
increasing density. This trend holds for massive and dwalebges,
and is even found when comparing the void to the filament envir
ment. The fraction of galaxies with blue—r colours, bluer than
the red sequence population, declines steadily in envieosrwith
increasing density, in a manner which is similar to our teeimdSF
fraction versus environment. However, as gurr colours are sus-
ceptible to internal extinction, we find a striking declimethe blue
fraction of massive galaxies when compared to the SF fractibis
result underscores the importance of utilising unbiaseasmes of
galaxy properties whenever possible, or of applying nexrgssor-
rections to biased measures (e.g., see the optical extinctirrec-
tions described in Appendix A of Gavazzi etlal. 2013).

We compare the SFR distributions of SF galaxies in all four
environments, and find statistically distinct SFR disttibos for
dwarf galaxies for most environments, but for massive datax
the SFR distributions in all environments are consistetit Weing
drawn from the same distribution. This result suggeststtieapro-
cess(es) most effective at quenching massive galaxies msy dn
shorter timescales than the process(es) which are mostnsbfe
for quenching dwarf galaxies, but we also may be prone tolsmal
number statistics. Nonetheless, our results underscerértpor-
tance of using a large baseline of galaxy masses when exagnini
trends in galaxy evolution.

We identify 62 k+A, or post-starburst, galaxies in our Coma
Supercluster sample based on SDSS spectroscopy, and findahe
be predominantly dwarf galaxies in higher-density envinents,
which is consistent with similar studies of post-starbgalaxies
at lowz. These k+A galaxies are primarily located near the core
of the massive cluster A1656, which supports the hypotHésis
these post-starburst systems have been recently quenghagnb
pressure stripping or by tidal effects due to recent grdupter
merging.

The spatial distribution of quiescent galaxies in the Coma S
percluster confirms that the evolution of galaxies via preepssing
is extremely prevalent in the local universe. On averagexgs in
groups are about half as likely to be actively star-formiwhen
compared to galaxies in the void. Furthermore, we find a figni
cant over-abundance of quiescent galaxies in filaments emgpg
on the outskirts of the massive cluster A1656 (at projectester-
centric radii ofR ~ 2— 3Ry;;). Simulations (e.gl. Bahé etial. 2013)
suggest that some of these galaxies are overshooting rciuste-
bers on elliptical orbits, but the majority of these quiegagalax-
ies on the cluster outskirts require a pre-processing sicefvaith
transformations that began in their host groups prior talinbr
from tidal interactions extending far beyond the clusteiabira-
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dius) to explain their presence. Our results agree with Isitians

of hierarchical clustering of DM haloes (e.g., McGee ¢t 80%,
De Lucia et all 2012), which suggest that most galaxies &ingre
onto massive clusters at- 0 have been affected by pre-processing
prior to their arrival in the cluster environment.
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APPENDIX A: ROBUSTNESS OF ENVIRONMENT
MAPPING TECHNIQUE

Here we explore to what degree our results are affected g lar
variations in the application of our techniques for mapgheyden-
sity field and identifying LSS. A significant concern, esjpdlyi
given the degree to which we find quiescent galaxies in theaéilet
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clustering near the outskirts of groups and clusters (as iselig-
ure[13), is that a small change in the choicelfgg, which would
alter the spatial extent of the galaxy cluster, group, arainf@nt
populations in our map, might significantly change our rsstHor
example, if we use a larger value figyit1, and therefore have more
galaxies included in our cluster and group populations,ynwéithe
filament galaxies which lie on cluster and group outskirtsilto
end up absorbed into the clusters and groups themselvesh whi
would raise the SF fraction in the filament population.

To be sure that our decline in the fractions of blue and SF
galaxies with each progressively higher-density envirentis not
simply an artifact of our specific choices figfit1 andlit2, we ran
our entire analysis over a very wide range of parametersetn S
tion[3.2 we used surface density thresholds of 40 and 10 igslax
h? Mpc—2 to select the characteristigi; lengths corresponding to
the threshold between cluster/group and filaments, and ditéen
and voids, respectively. To test the robustness of our tetukhe
particular choices of density thresholds, we vary the dgtisiesh-
old between cluster/group and filament galaxies betweer2M0
galaxies B Mpc—2, in intervals of 20 galaxies?Mpc—2, and the
threshold for filament and void galaxies between 12—4 getalfi
Mpc—2, in intervals of 4 galaxiestMpc—2. Note that the extreme
ends of the density thresholds being tested representulyian-
realistic structures, i.e. with 100 galaxiesMpc—2 only the inner-
most core members of the clusters and groups are includégbin t
cluster and group populations, while at 20 galaxiédvipc 2 the
cluster and group extent is unnaturally large.

Another potential source of bias in our results comes from ou
requirement that at least eight galaxies be present in ancanisly-
connected substructure in order to be recognized by the NtF a
rithm. Recall that we chose eight galaxies as a minimum taced
the occurrence of spurious groups of galaxies arising dpedjec-
tion effects. However, we are therefore ignoring any galgroup
which has fewer than eight members, meaning that they wadd e
up classified as either filament or void galaxies dependinthen
local galaxy density around them. So if small galaxy grouwgrsit
to be scattered throughout the filamentary regions of theaC8m
percluster, and less often in the void-like regions, andgtlaxies
within these small groups are more likely to be quiescent Hii-
lar galaxies in isolation, then we could be artificially dessing the
SF fraction of the filament relative to the void due to thesalsm
groups. To address this concern, we also tested the fulerahg
densities described previously, but with a minimum of foatag-
ies per structure identified with the MST algorithm. This icleo
undoubtedly results in a large number of spurious galaxyupgs’,
but it should significantly mitigate any bias we are introdganto
the filament population by ignoring small groups of galaxies

We ran our MST code to separate galaxies into the four envi-
ronment categories for all combinations of density thrédshae-
scribed above, and with a minimum of eight and four galaxis p
structure identified by the MST, and calculate the fracti6risb
galaxies in each environment as a function of mean VT celitien
for each trial run. Figure A1 presents the SF fractions asetfon
of environment for this range of tests, and as before (seer&ig

we have separated the samples into dwarf and massive- galax

ies. Despite the fact that our range of tests have signifidiffietr-
ences in the distribution of galaxies into the four enviremts, and
therefore they vary in the range of densities in each enmieont,
we still find the same overall trends of declining SF fractipro-
gressively higher-density environments.
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Figure Al. Fractions of SF galaxies versus the mean density of the four
environments of the Coma Supercluster calculated usingge lange in
surface densities to defilgii1 andlgit2. The upper set of points, in dark
grey, are the SF fractions of dwarf galaxies. The lower sgva@fts, in
lighter grey, are for massive galaxies. The red points atdithe fractions
calculated usindrrit1 andlgit2 reported in Sectiop 312.

APPENDIX B: DETAILED COMPARISON WITH
PREVIOUS MAPPING OF COMA SUPERCLUSTER

Here we present a more thorough comparison of how our tech-
niques for mapping the supercluster environment, and ctais-

ing local density, compare to previously-published stsidge this
field. Specifically, we compare with the work of G2010, whoduae
fixed-aperture technique to measure the volume densityifigle
Coma Supercluster. G2010 measure the local density arcaend e
galaxy using a cylinder of radius I Mpc, and with a distance
along the line-of-sight equal t21000 km s'1.

There are a few minor differences that are worth noting be-
fore we apply their technique. Our survey volumes are vany-si
lar, but G2010 used a slightly larger range of line-of-sigdibcities
(4000< cz <9500 km s1 versus our 4495cz<8973 km s1) and
a marginally smaller angular area (420 sq degrees to ourgtée-s
grees), and they supplement their SDSS-selected samhiel Wit
additional galaxies with spectroscopic redshifts in tterditure. We
are using only our SDSS sample, and we also exclude a small fra
tion of our sample at the lowest-masses to ensure that oysleam
is complete and unbiased over our range of stellar masseSée
tion[2.1). Nevertheless, our galaxy samples agree, by nurtibe
within 15% and the mean volume density of galaxies, given our
number of galaxies and total volumes, are nearly identwealfind
0.06 galaxies HMpc—2 for our sample, and G2010 measure 0.05
galaxies B Mpc—3. Additionally, G2010 deal with edge effects by
assuming constant boundary conditions (by dividing thesiteiof
any cylinder which falls partially outside their survey thetfrac-
tion of the cylinder which is inside the survey volume), wdeas we
have obtained an additional ‘buffer’ several degrees winieosind-
ing our field, comprised of galaxies chosen with exactly thes
selection criteria from the SDSS as the main sample (seéo8ect
[B1), which allows us to bypass any biases due to edge effects

There is an additional significant deviation introduced by
G2010 that is worth mentioning. They rightly point out tHaé £x-

treme dynamic range of densities in the Coma Superclustkesna
using densities measured in a fixed volume at every galaxy pos
tion problematic. The high velocity dispersions of galaxie the
clusters necessitate using a ‘longer’ cylinder to encomglzes true
local density of galaxies, but using a longer cylinder over én-
tire supercluster population would result in less sengjtio local
density in more rarefied regions. The compromise of G2010 was
to shrink the velocity dispersion of members of the clustet656
and A1367, by assuming that their transverse sizex deg and
~1 deg for A1656 and A1367, respectively) also reflect theiesi
along the line-of-sight. In effect, this modification is sian to us-

ing a longer cylinder to measure the volume of galaxies ircths-
ters compared to the rest of the supercluster.

For the purposes of this comparison with previous mapping
technigques, we have measured the local volume density du@wn
ery galaxy in our sample using a cylinder of fixed half-lengtfual
to 1000 km s with two cases: 1) the velocities of all galaxies
are exactly as reported in the SDSS and 2) velocities fortedus
members are modified according to the prescription of G2Bitf3.
ure[B1 presents a comparison between our VT-based surfaee de
sities, and our MST-defined environmental segregatiorh wie
volume densities calculated using these two approachédiwed-
aperture cylinders. Our definitions for galaxy environmiangely
agree, and they agree more so in the case in which the vekciti
of cluster galaxies are adjusted, but there is some ovedapden
different environments in adjoining classifications. Whka ve-
locity dispersion of the cluster galaxies is artificiallyvered, we
unsurprisingly see a large amplification in the local denfit the
cluster galaxies, and a much smaller fraction of clusteagas at
intermediate densities.

APPENDIX C: K+A GALAXY FOLLOW-UP

Mabhajan et al.| (2010), hereafter M2010, presented a tablel 0f
dwarf k+A galaxies in the Coma Supercluster, which come feom
parent supercluster galaxy sample very similar to thateptiesent
work, and with an identical set of criteria to select the pgiarburst
galaxies (see Sectidn_4.4). However, we find only 62 such k+A
galaxies. We matched the published M2010 k+A catalogue to ou
own, and find that 91 of the 110 galaxies proposed by M201(hare i
deed in our parent supercluster sample. However, only 43ecf10
proposed k+A galaxies from M2010 show spectral charatiesis
based on our SDSS line measurements, indicative of being k+A
FigurdC1 shows the comparison between the M2010 EaYy@hd
EW(HJ) measurements, and those from the present study, for the
91 proposed k+A galaxies matched to our sample. It's abuhdan
clear that there are significant differences in the speltitralmea-
surements for both lines relevant for selecting k+A galexigth a
prominent systematic offset fordHand a large scatter in the mea-
surements of .

The reasons for these inconsistencies stem from the differe
techniques used to obtain the line measurements. The dadarus
the M2010 catalogue come from ti8pecLine products, but for
the present work we usBal SpecLine and Gal Specl ndx, which
are based on the MPA-JHU analysis (see Kauffmanniet al. 2003)
For the SpecLine data products, the spectrum continuum is fit
using a sliding mean/median filter (C. Tremonti, private oo
while for GalSpecLine and GalSpecindx the continuum is fit
with stellar population synthesis models (Kauffmann eP&i03;
Tremonti et al! 2004). The differences in continuum fittiegh-
niques are responsible for most of the systematic offsetdmt
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Figure B1. (Left pair) Comparison of density distributions, and sgtet of environmental segregation, between our dual VT + M@proach and that of a
‘fixed aperture’ cylinder of radius 1 Mpc and half-length of 1000 knt$. The top left panel shows the differential distribution efaxies which we classify
(using the MST as described in Section] 3.2) as belonginggetaltister, group, filament, and void versus the volume depsitameter from G2010, measuring
the relative under- and over-density from a fixed apertuhe Viertical dashed lines indicate the separation into enmiental bins (roughly corresponding to
void, filament, group, and cluster from left-to-right) ud®dG2010. The bottom left panel shows the correlation betveee Voronoi-based surface densities
to the volume densities calculated in the cylinder as deedrpreviously, with points colour-coded based on our M&flréd environment categories. The
large gaps that appear on the left-hand side are due to thiénéache fixed aperture method counts discrete numberdafiga per unit volume. (Right pair)
The same comparison, but in this case the fixed aperturetigsnsiere calculated exactly as in G2010, with the spreaimhéndf-sight velocities of members
of the two clusters A1656 and A1367 reduced by assuming ggheymmetry in these two systems.

Ha measurements in Figufe IC1, as the underlyira frbm the
stellar population has not been subtracted from the measunts
used in M2010. There is also a factor(df+ z) difference because
the SpecL ine measurements were not converted to the rest-frame,
but for the redshift of Coma this is a relatively small efféite dif-
ferences seen in&icome from a combination of the lack of robust
continuum fitting and the fact that tf8pecL ine products measure
Hd using a simple Gaussian. ThedHneasurement used for our
present study comes from the Lick index4] first proposed by
Worthey & Ottaviani|(1997), and also described in
M) which is designed to optimally capture thé hbsorptlon
feature in the atmospheres of A-type stars.
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