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ABSTRACT

Aims. We study the morphology of a set of superclusters drawn fl@8DSS DR?7.

Methods. We calculate the luminosity density field to determine salosters from a flux-limited sample of galaxies from SDSS
DR7, and select superclusters with 300 and more galaxiesufostudy. We characterise the morphology of superclustgrgy the
fourth Minkowski functionalVs, the morphological signature (the curve in the shapefisdérK, plane) and the shape parameter
(the ratio of the shapefindeks /K;). We investigate the supercluster sample using multidgioeral normal mixture modelling. We
use Abell clusters to identify our superclusters with knauperclusters and to study the large-scale distributicupérclusters.
Results. The superclusters in our sample form three chains of supeerk; one of them is the Sloan Great Wall. Most superatuste
have filament-like overall shapes. Superclusters can ligetiinto two sets; more elongated superclusters are movi@dws, richer,
have larger diameters, and a more complex fine structurelésarelongated superclusters. The fine structure of swséecs can be
divided into four main morphological types: spiders, magiders, filaments, and multibranching filaments. We preten2D and
3D distribution of galaxies and rich groups, the fourth Mimiski functional, and the morphological signature for appsrclusters.
Conclusions. Widely different morphologies of superclusters show that their elaoliitas been dissimilar. A study of a larger sample
of superclusters from observations and simulations ise@émlunderstand the morphological variety of superclastad the possible
connection between the morphology of superclusters andldnge-scale environment.
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1. Introduction Recently, the XMM-Newton satellite follow-up for the vali-

h kable f f th | dation of Planck cluster candidates led to the discovery of
The most remarkable feature of the megaparsec-scale Mgal; massive, previously unknown superclusters of galaxies
ter distribution in the Universe is the presence of the Cos:gPlanck Collaboration et 8. 2011). These are likely the fits

web — the network of galaxies, groups, and clusters, coBdech g q|ysters discovered through the Sunyaev-Zeldovieoe
by filaments [(Joeveer etlal. 1978; Gregory & Thompson 1978; ¢ y

Zeldovich et all 198Z; de Lapparent etlal. 1986). The foromati ' Superclusters are important tracers of dark and_bary-
of a web of galaxies and systems of galaxies is predictedyin ic__matter in the Universe | (Zappacostaetal. 2005;

physically motivated theory of the formation of structunetie Genova-Sz_intos etial. _2005; Heymar)s etal. 2008; Buote et al.
Universe (see, e.d., Bond ef Al. 1096). In this scenarioxgala’-oog? Padilla-Torres et gl. 2009; Schirmer et a_I. 2011)dtew

ies and galaxy systems form because of initial density pertt?f superclusters and of the supercluster-void network have

bations on dferent scales. Perturbations on a scale of abdigmonstrated the presence of a characteristic scale in the
100h ' Mpc (Ho = 10thkm s *Mpc1) give rise to the largest Istribution of rich superclusters (Einasto etlal. 199497%).

systems of galaxies — rich superclusters. At larger scaleard- This was probably an early hint of baryon acoustic osciladi

ical evolution proceeds at a slower rate and superciusters h(HUtSI.2010).
retained the memory of the initial conditions of their forma  To search for superclusters and to understand their prop-
tion and of the early evolution of structure (Einasto et 8180; erties, we need to know how to identify them and how to
Zeldovich et all. 1982; Kofman etal. 1987). quantify their properties (Bond etlal. 2010). Several mégo
Numerical simulations show that high-density peaks in tHeve been proposed to study the cosmic web (Bharadwalj et al.
density distribution (the seeds of supercluster cores)saem 2004; | Stoica etall 2010; Aragon-Calvo etal. 2010; Sousbie
already at very early stages of the formation and evolutibn 8011; | Sousbie et al. 2011, and references therein). One ap-
structure [(Einasto 2010). These are the locations of thader proach is to determine cosmic structures (in our study —
tion of the first objects in the Universe (elg. Venemans et auperclusters of galaxies) using the density field and to
2004; | Mobasher et al. 2005; Ouchi et al. 2005). Observatiosisidy their morphology with Minkowski functionals and
have already found superclusters at high redshifts (Naiath shapefinders (Schmalzing & Buchert 1997; Sathyaprakadh et a
2005; Swinbank et dl. 2007; Gal eflal. 2008; Tanaka let al. p002998;| Basilakos 2003; Sheth etlal. 2003; Shandarin et a#;200
Einasto et al. 2007d, and references therein).| Qort (19822 g
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catalogues compiled based on data about clusters of galafiectionals and shapefinders. The superclusters are divide
were published by Zuccaetal. (1993); Einasto etial. (1994)to two sets using multidimensional normal mixture mod-
Kalinkov & Kuneva (1995)| Einasto etlal. (2001). Recent deegiling, applying theMclust package for clustering and clas-
surveys of galaxies (as 2dFGRS and SDSS,| see Colless esification (Fraley & Raftery. 2006) fronR, an open-source
2003; |Abazajian et all_2009) introduced a new era in theee statistical environment developed under the GNU GPL
studies of the large-scale structure of the Universe, whejthaka & Gentleman| 1996http://www.r- project.org).
systems of galaxies can be studied in unprecedended dhe cluster membership of superclusters and their largksc
tail. A number of supercluster catalogues have been codistribution is analysed, and a short description of irghvi
piled with these data, (Basilakos 2003; Einasto et al. 2003al superclusters is given. The data are described in Bect. 2
Erdogdu et al. 2004; Einasto etlal. 2006, 2007b; Liivanedgil. the methods in Secfl] 3, and the results in Sect. 4. In §kct. 5
2010; Luparello et al. 2011, and references therein). the selection #ects in our sample are discussed, and a
The overall morphology of superclusters has been studiedmparison with other studies is given. The study is sum-
by several authors _(Kolokotronis et al. 2002; Basilakos3200marised in Sect]6. Interactive 3D models of the richest su-
Costa-Duarte et al. 2011), we refer to Einasto et al. (20@a) perclusters in our sample can be found on our web page:
a review of the properties of superclusters. The shapes ardtp://www.aai.ee/~maret/SDSSsclmorph.html.
sizes of superclusters can be used to compare the observed suwe assume the standard cosmological parameters: the
perclusters with those obtained from cosmological sinmfst Hubble parametel, = 100h km s Mpc™, the matter den-
(Kolokotronis et al.| 2002]_Einasto et'al. 2007a). Nichollet asity Qn, = 0.27, and the dark energy densidx = 0.73.
(2006) showed that the higher order correlation functiohs o
the 2dFGRS do not agree with those found in numerical sim-
ulations (but this fact can be explained by non-Gaussian i3 pata
tial density fields, Gaztanaga & Maehoehen 1996). This dfscr
ancy may be caused by the unusual morphology of one of thé& selected the MAIN galaxy sample of the 7th data release of
richest superclusters in the 2dFGRS, the supercluster 3€1 the Sloan Digital Sky Survey (Adelman-McCarthy etlal. Z008;
(Einasto et al. 2007d, 2008) from the catalogue of supeersis Abazajian et al. 2009) with the apparantnagnitudes 13 <
by|Einasto et al. (2001, hereafter EO1). The morphology ef su< 17.77, excluding duplicate entries. The sample is described
perclusters may be used to distinguish betweéiedint cosmo- in detail in[Tago et al. (2010), hereafter T10. We correctes t
logical models|(Kolokotronis et al. 2002). redshifts of galaxies for the motion relative to the CMB and
Superclusters contain structures with a wide range oémputed the co-moving distances (Martinez & Saar 2002) of
densities, from high-density cores of rich clusters to lowgalaxies.
density filaments between clusters and groups. This makes The absolute magnitudes of galaxies are determined in
them ideal laboratories to study processes tifigcathe evo- the r-band M, with k-correction for the SDSS galaxies cal-
lution of galaxies, groups, and clusters of galaxies. A nurgulated with the KCORRECT algorithm_(Blanton etlal. 2003a;
ber of studies have already shown that the supercluster eiBfanton & Roweis| 2007). In addition, we applied the evo-
ronment &ects the properties of galaxies, groups, and cluktion corrections, using the luminosity evolution moddl o
ters located there (Einasto etlal. 2003b; Plionis 2004; \Wodfl. |Blanton et al. [(2003b). The magnitudes correspond to the res
2005; [Haines et all_2006; Einasto et al. _200¥c; Porter/et ame at the redshift = 0.
2008; | Tempel et al._2009; Fleenor & Johnston-Hollitt_2010; The first step is to determine groups and clusters of galaxies
Tempel et all 2011; Einasto et al. 2011). Other evidence tab@yth the friends- of-friends algorithm, where a galaxy e to
the influence of the large-scale environment of galaxiedei t a group of galaxies if this galaxy has at least one group membe
properties comes from the study of the properties of gasaxigalaxy closer than the selected linking length. The linkergyth
in void walls (Ceccarelli et al. 2008) and from the study of thalong with the distance was increased, to take into accaunt s
large-scale environment of quasars (Lietzen et al. 2009)eA |ection efects, when constructing a group catalogue for a flux-
tailed information on the morphology of superclusters isde |imjted sample. As a result, the maximum sizes and velodsty d
to find out whether that may also be an important environntengfersions of groups are similar at all distances. For dedaitsfor
factor in shaping the properties of galaxies and groupslaikga the group catalogue we refer the reader to f10.
ies in superclusters (see also Aragon-Calvo et al.'2010). To determine the luminosities of groups and to calculate the
~ [Einasto et al..(2007d) showed that the morphology of a tyRiminosity density field we have also to correct for the luosin
ical poor supercluster can be described as a “spider” — a sygs of galaxies that lie outside of the survey magnitudeean
tem of several filaments growing from one concentration cefthe calculation of luminosities is described in Apperidixde{
tre (a rich cluster). The Local Supercluster is an exampla Ofajls of this calculation are given alsolin Tempel €t al. 2011
typical “spider’. Rich superclusters can be described a8“m |, the final flux-limited group catalogue the richness of
tispiders”, where several high-density clumps are cor®eby 4.6, hs decreases rapidly at distanBes 320h-! Mpc because
lower-density filaments. One very rich supercluster (S®)120¢ selection @ects. This fect is seen in Fig1. At small dis-
was described as a multibranching filament that consists OFa'i"lces,D < 70h 1 Mpc luminosity weights are large owing to
rich filament of a quite uniform high density with poorer filayne apsence of very bright galaxies. Therefore we chosééor t

ments for branches.. This work concerned_only a few of the rich,esent analysisa subsample of galaxies and galaxy sy#tems
est supercluster while the present analysis enables usttthee ihq gistance interval 96-1 Mpc < D < 320h~1 Mpc where the
classification of the morphology of superclusters. selection &ects are small. -

The goal of the present paper is to study in detail the
morphology of a large sample of superclusters drawn from the T10 group catalogue is available in electronic form at
the 7th data release of the Slpan Dlg_ltal Sky Survey (S_DS%)e CDS via anonymous ftp to cdsarc.u-strasbg.fr (1302895)
The superclusters are determined using the global luminosir via http://cdsweb.u-strasbg.fr/cgi-bin/qcat?1/A+A/
field and their morphologies are quantified with the Minkoivsk 14/A102.
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Table 1. Data of the superclusters.

(@) @ (OO ®) (6) @) [€)] ©) (100 (11 (12 (13 (14
SCl ID | DEOl ID Ngal N30 dpeak Ltot Dlam Rmagv Ngalv V3’max Kl K2 K]_/Kz
Mpc/h  10%2Lg;  Mpcgh mag
1 162 239027+009 1038 4 2645 1591.5 50.3 -19.70 916 2 0.077 0.163 0.48
10 160 239016+003 1463 2 111.9 680.2 22.8 -17.50 1455 1 0.026 0.024 -
11 154 22%006+007 1222 5 2350 1476.0 35.4 -19.30 1180 3 0.051 0.056 0.92
24 111 184003+007 1469 4 2304 1768.2 56.4 -19.25 1419 6 0.077 0.163 0.48
55 111 173014+008 1306 4 2420 1773.0 50.3 -19.55 1155 5 0.084 0.198 0.43
60 160 244040+002 1335 3 92.0 527.4 21.2 -17.30 1275 1 0.010 0.020 -
61 126  202-003008 3056 15 255.6 43153 107.0 -19.25 3048 13 0.130 0.460 0.28
94 158 23@-027+006 1830 10 2154 2263.4 54.6 -19.40 1632 9 0.110 0.399 0.28
336 109 172054+007 1005 6 170.0 1003.6 53.3 -19.30 832 4 0081 0.250 0.33
350 160 236008+003 955 5 105.8 436.3 23.0 -17.50 947 2 0.029 0.045 0.65
38 95 164040+007 586 5 2244 660.7 225 -19.40 507 2 0.028 0.033 0.84
64 164 25@-027+010 619 2 3017 1305.4 55.7 -19.70 618 3 0.087 0.230 0.38
87 - 215+048+007 445 1 2134 477.8 21.6 -19.00 445 2 0.036 0.033 1.09
136 271 189017+007 504 5 2121 523.2 20.7 -19.25 446 2 0.033 0.017 0.97
152 160 238005+010 423 2 3016 907.5 32.8 -19.75 422 3 0.068 0.081 0.84
189 - 126-017+009 433 1 267.2 771.0 43.7 -19.70 409 4 0.066 0.195 0.35
198 82  152-000009 473 1 2847 863.9 38.7 -19.80 454 4 0.056 0.086 0.65
223 111 18+008+008 462 2 268.3 703.7 34.0 -19.60 442 3 0.054 0.139 0.39
228 133  203059+007 643 4 210.6 644.0 311 -19.10 612 2 0.043 0.050 0.86
317 - 156-010+010 351 1 3216 846.7 36.0 -20.00 345 5 0.077 0.226 0.34
332 106 175005+009 333 1 2910 664.3 27.3 -19.90 309 3 0.058 0.083 0.69
349 138 20+026+006 893 5 188.0 768.8 42.6 -19.15 703 5 0.056 0.119 0.47
351 138 20#028+007 615 4 2254 689.1 33.0 -19.15 611 4 0.058 0.088 0.65
362 158 232029+006 306 2 1952 284.5 15.1 -18.80 305 2 -0.004 -0.004 1.00
366 158 21#020+010 353 0 300.4 763.4 311 -19.90 339 4 0.063 0.165 0.38
376 167 255033+008 437 2 2587 658.0 27.9 -19.50 415 3 0.058 0.029 1.03
474 76 133029+008 389 3 2512 612.6 43.3 -19.50 377 5 0.069 0.221 0.31
512 91 168002+007 371 2 2277 410.7 26.7 -19.40 321 3 0.036 0.091 0.39
525 109 17#055+005 438 4 1542 312.6 19.3 -18.50 409 3 0.017 0.020 0.84
530 - 192062+010 333 0 306.8 790.3 40.4 -20.00 316 5 0.077 0.223 0.34
548 143 216016+005 314 2 1587 2271 14.6 -18.50 294 1 0.014 0.002 -
549 - 214001+005 322 1 1625 225.8 16.8 -18.60 308 1 0.015 0.027 -
550 154 22#007+004 459 3 1351 287.5 18.2 -18.10 447 1 0.004 0.041 -
779 - 146-054+004 353 1 1397 209.5 20.4 -18.00 353 2 0.013 0.014 0.94
796 93 16#026+003 369 1 1023 161.7 11.9 -17.70 336 1 -0.003 0.001 -
827 - 189-003+008 405 0 2541 572.4 30.0 -19.50 384 4 0.045 0.128 0.35

Notes. Columns in the Table are as follows: (Clp: the supercluster ID in the L10 catalogue; (PRgos: the supercluster ID in the EO1
catalogue; (3): the supercluster ID AABBB+Z7Z, where AAA is R.A.,+/-BBB is Dec., and CCC is 1@9(4): the number of galaxies in the
superclusterNga|; (5): the number of groups with at least 30 member galaxi¢isarsuperclustefN3q; (6): the distance of the density maximum,
dpeak' (7): the total weighted luminosity of galaxies in the sughester, Liqt; (8): the supercluster diameter (the maximum distance dxtw
galaxies in the supercluster), Diam; (9): the absolute ritade limit of the volume limited sampIeRmagV; (10): the number of galaxies in the
volume limited samplel,\lgaw; (11): the maximum value of the fourth Minkowski function@¥s max (Clumpiness), for the supercluster; (12 — 14):
the shapefinder; (planarity) andK; (filamentarity), and the ratio of the shapefindrgK for the full supercluster (the ratio of the shapefinders
is not determined for superclusters withmax = 1 for the full range of threshold densities, as explaineceit)t

We calculated the smoothed luminosity density field oft higher threshold density levels superclusters are smnalhd
galaxies and determined extended systems of galaxiesr{supieeir number decreases. Details of the calculation of tha-lu
clusters) using this density field. To determine superelssive nosity density field and of the supercluster catalogue arengi
created a set of density contours by choosing a series oftgdens AppendiXA and in Liivamagi et al. (2010).
thresholds. We define connected volumes above a certain den-_ ) o
sity threshold as superclustersfldrent threshold densities cor-  Figure[2 shows the richness of superclusters vs. their dis-
respond to dferent supercluster catalogues. In order to choot¥C€- At distances less than 200 Mpc there are only a few
proper density levels to determine individual superchsstee superclusters with less than 300 member galaxies. This-sele

analysed the density field superclusters at a series of tgendPn &fectis owed to the sample geometry —itis a pyramid with
levels. The mean luminosity density of our sampleiigan = the top at the location of the observer. At the distance of 100

100h2L, . . h=*Mpc the size of the base is 220x140' Mpc only, and it
1'526102 {(h-IMpcy - We chose thg de.ns@y.leva =50(nthe  ;niains only a few superclusters. At distances betweerah@0
units of mean density) to determine individual superchsst&t 200 h-1 Mpc the number of superclusters is small — there is a
this density level superclusters in the richest chains @ksu \id region between the nearby superclusters and thoss-at di
clusters in the volume under study still form separate syst@t tances larger than 240 Mpc (we will describe the large-scale
lower density levels they merge into huge percolating syste gijstribution of superclusters in Sect. 4). To avoid thedecse
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1000 — 3. Methods
3.1. Minkowski functionals and shapefinders

The supercluster geometry (morphology) is defined by iterout
(limiting) isodensity surface and its enclosed volume. Triue-
phology of the isodensity contours is (in the sense of glgeal
ometry) completely characterised by the four Minkowskidun
tionals Vo — V3 (we give the formulas in Appendix]B). For a
given surface the four Minkowski functionals (from the first
to the fourth) are proportional to the enclosed volu¥hethe
area of the surfac8, the integrated mean curvatu@e and the
integrated Gaussian curvatuye The last of them, the fourth
Minkowski functionalVs, describes the surface topology; itis a
0 100 200 300 400 500 sum of the number of isolated clumps and the number of void
Distance h™ Mncl bubbles minus the number of tunnels (voids open from both

Fig. 1. Richness of groups vs. their distance in the T10 gro ides) in_the regi_on (se_e, €.g. Saar etal. ‘2007)'. High vallibe
catalogue. Only the data for groups with at least six memb@urth Minkowski functionaVs suggest a complicated (clumpy)

galaxies are plotted. This plot shows that at distancestahgn Morphology of a supercluster. . .
~ 320h~ Mpc almost no rich group is visible. For the argument labelling the isodensity surfaces, we use

the (excluded) mass fractianf — the ratio of the mass in re-
gions withlower density than at the surface, to the total mass
of the supercluster. The valumef = 0 corresponds to the whole

100 ¢

Richness

10 ¢

3009 supercluster, anchf = 1 to its highest density peak.
2500k With the fourth Minkowski functionalVz we describe the
clumpiness of the galaxy distribution inside superclisstethe
2000 fine structure of superclusters. When the density levelghér
. than the value used to determine a supercluster, the isitglens
N(ga) 1500+ . . surfaces move from the outer regions of a supercluster {ato i
i . central regions (the value of the mass fraction runs fromI)to
1000~ . Lo : Therefore some galaxies in the outer regions of a supeeclust
., . do not contribute to the supercluster any more and this dsng
500 . - L T the inner morphology of the supercluster, which is refledted
S R S T SR the V3 — mf relation (the number of isolated clumps changes,
ol e SILE AN = ¥ AR Wh 13X ; L
100 200 300 void bubbles, and tunnels may appear inside superclustes)
Distance calculateVs for superclusters for a range of threshold densities
Fig. 2. Richness of superclusters vs. their distance (in Mpc (mass fractions), starting with the lowest density thaedatnes
The line marks the valullgy = 300. superclusteraff = 0), up to the peak density in the supercluster

core fnf = 1). In Sectio 4.2 we present figures showing the
fourth Minkowski functional3 for the whole threshold density
interval for each supercluster and give the maximum valug of
for each supercluster.

The first three Minkowski functionals have been used to
calculate the dimensionless shapefindérqplanarity) andK,
e(2,1‘%amentarity) (Sahni et al. 1998; Shandarin etlal. 2004arSa
e ; - 09). The shapefinders are calculated in two steps. At first,
density distribution (their morphology), we chose all suies tSspecific combinations of Minkowski functionals are used to

ters in our distance interval with at least 300 observed nggm Lalculate the shapefinders, which describe the thicknass, t
galaxies; Figl 2 shows that they are present at all distaiata width, and the length of a supercluster. With the thickness a

of these superclusters are given in TdHle 1. In this tablersupthe width we calculate the planaritg; of a supercluster, and
clusters are ordered as they are presented in the text biélstv: ith the width and the | pth 1 lculat gh fil ' tarit
the data of the superclusters with at least 950 member ml,axn” . e w Iant \?V eng t\;]\le' C? cu ale . eAI ameEr;]b?réy
and then of the superclusters with less members. ThrouglhleutEJ?no ta stupler;:zléso_?(;. ﬁ g|vg the{r' O{rrré ie In N pp(?nd :
paper we use the supercluster ID numbers from the L10 catt as ohe al. L. h I‘ ) sfowe Ia in t ’é 2) sbagebln erh
logue 6Cl\p in Tablel). plane the morphology of superclusters is described by a char
acteristic curve (morphological signature). When the nfiggs

To make the calculations of morphology insensitive to seletion increases, the changes in the morphological signatcte
tion corrections, we work with volume-limited samples ahd t company the changes of the fourth Minkowski functional. As
number density of galaxies instead of flux-limited sampied athe mass fraction increases, the planaKty almost does not
luminosity density. We recalculated the density field fazteen- change for a wide range of mass fractions (uprtb ~ 0.35),
dividual supercluster with a kernel estimator witBgbox spline  while the filamentarityK, increases — higher density regions of
as the smoothing kernel, with the radius df8 Mpc (for details a supercluster are more filamentary than the whole supézclus
we refer ta_Saar et &l. 2007; Einasto €t al. 2007d), and volun®& higher mass fractions the planarity of superclusterdsta
limited samples of individual superclusters. The absolnggy- decrease. In rich superclusters studied previously (Eiretsal.
nitude limits and the numbers of galaxies in the volumetkai [2007d) at a mass fraction of abauf = 0.7, the characteristic
versions of superclusters are given in Tdble 1. morphology of the supercluster changes rapidly. Both tlae pl

tion effects and to be able to resolve the details of superclust
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Fig. 3. The distribution of groups with at least twelve member gasxn our superclusters in cartesian coordinates (seg text
units ofh~* Mpc. To make projectionféects less significant we plot in the right panel a slice with 140h~* Mpc. The filled circles
denote groups with at least 50 member galaxies, empty sigdmote groups with 30-49 member galaxies and crossesedenot
groups with 12—29 member galaxies. The numbers are sup&cliD’s (Tabld 1L, col. 1). Larger ID numbers show supetelss
with at least 950 member galaxies, smaller ID numbers — siysters with less than 950 member galaxies.

narity and filamentarity decrease — this is a crossover fl'ent To measure how well the subsets are determined and to
outskirts of the supercluster to the core of the superalubte find the best model for a given datasklclust uses the Bayes
high-density, clumpy cores of superclusters, where thdese Information Criterion (BIC), which is based on the maxindze
sity surfaces have a complex shape, the planarity and filemenlog-likelihood for the model, the number of variables and th
ity may even become negative (Sheth et al. 2003; Einasto etraimber of mixture components. The model with the lowestevalu
2008). In Fig[® (Seci_4.3) we plot the morphological sigmat of the BIC among all models calculated Mclust is considered
with symbols of a size proportional to the value of the fourtthe best. For details we referito Fraley & Raftery (2006).oBel
Minkowski functionalVs at a given mass fraction, to show howwe calculate both the uncertainities of the classificatibsus

the clumpiness of the supercluster changes together with therclusters in the best model determined uditdust, and the
change in the morphological signature. values of the BIC for dferent classifications of superclusters as

The morphological signature characterises the morpholofgpnd byMclust.
of superclusters in the whole threshold density intervae (t
fine structure of superclusters). The values of the shapefind
ers K; and K», and their ratio,Ki/K» (the shape parameter)?: Results
for the whole super_cluster quar]tify the overall shape of sy-; Large-scale distribution of superclusters
perclusters. The ratio of shapefinders has been used to char-
acterise the shape of the whole supercluster, for example, We start with the identification of Abell clusters among goeu
Kolokotronis et al.|(2002); Basilakas (2003); Sheth et2003); with at least 30 member galaxies in our superclusters. \Weke
Costa-Duarte et al. (2011). data we identify our superclusters with those determineeea
on the basis of Abell clusters (EO1). This will help to analyfse
large-scale distribution of superclusters and to compangth
3.2. Multidimensional normal mixture modelling with Mclust earlier studies.
o ) ) ) We present a list of the Abell clusters in superclusters in
We employed multidimensional normal mixture modelling t§aple[2. Here the X-ray clusters are also marked; ab(gibl
search for possible subsets among superclusters accaminghe Apell clusters in Tablg 2 are X-ray sources. These data we
their physical and morphological parameters. To find amagiti ;sed to compare superclusters with those determined in#@1.
model for the collection of subsets, thelust package for clas- gjve the E01’s ID number if there is at least one Abell clugter
sification and clustering was applied. This package searftiie common between EO1 and the present supercluster sample. A
an optimal model for the clustering of the data among modelgq of caution is needed — a common cluster does not always
with varying shape, orientation and volume, finds the optimgean that superclusters can be fully identified with eackeroth
number of concentrations, and the corresponding clasifita A number of superclusters from EO1 are split between several
(the membership of each concentration). superclusters in our present catalogue. In these casedéhe i
The Mclust package gives two statistical measures to estification of superclusters with the superclusters foundttom
mate how well the superclusters are divided into the subsdiasis of the Abell clusters is complicated and has to be taken
First, Mclust calculates the classification uncertainty of for each suggestion only.
object in a dataset. This parameter is defined by the pratiesil Table[1 and tablE]2 show that in our sample there are three
for each object to belong to a particular subset and is catledl superclusters without any grofgtuster with at least 30 member
as 1. minus the highest probability of a supercluster torgglogalaxies, and seven superclusters that do not contain AloeH
to a given subset. The classification uncertainty can be ased ters. Among the superclusters eight have one gi@uster with
statistical estimate of how well objects are assigned tastlie at least 30 member galaxies. All these systems are poor,aomp
sets. rable with the Local Supercluster, which has only one ricis<l
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ter. Two of the superclusters contain at least 10 gra@psters broken up by the sample borders. Therefore the data on nearby
with at least 30 member galaxies; these are the richest astl msuperclusters are less reliable than the data on the mdentis
luminous superclusters in the sample: SCI 061 and the Coranees.

Borealis.

Table 2. Abell clusters in superclusters.

@) 2 (3
SC||D | DEOl Abell ID
1 162  2142x, 2149x
10 160 2152
11 154 2040, 2028
24 111 1424, 1516
38 95 1173x, 1187
55 111 1358
60 160 2197
61 126,136 1620, 1650x%, 1658x, 1663x, 1692,
1750x, 1773x, 1780, 1809x
64 164 2223, 2244
87 1904
94 158 2067, 2065x, 2089
136 271 1569
152 160 2048, 2055x
198 82 933
223 111 1541, 1552
228 133 1767x
332 106 1346
336 109 1279, 1436
349 138 1795x, 1827, 1831x
350 160 2052x, 2063x
351 138 1775x, 1800x, 1831x
362 158 2073, 2079, 2092
376 167 2249x
474 76 699
512 91 1205x, 1238
525 109 1291x, 1377
548 143 1913
550 154 2028, 2055
796 93 1185x

Notes. Columns in the table are as follows: (BCl,p: the supercluster

Rich superclusters at distances of about 210-426Mpc
form three chains, separated by voids. A 3D figure on our web
pages shows that actually only one of these superclustersgs
ia a clear chain-like system. This is the Sloan Great WalM8G
the richest galaxy system in the nearby Universe (Vogelay et
2004, Gott et al. 2005; Nichol etlal. 2006; Einasto et al. 2010
Luparello et al. 2011; Pimbblet etlal. 2011; Einasto et al130
The SGW consists of several superclusters of galaxies.ithe r
est of them are the superclusters SCI 061 and SCI 024. The othe
two supercluster chains are much poorer and cannot really be
called chains. One of them is separated from the SGW by a void;
the Bootes supercluster is the richest supercluster irstisiem.

The richest supercluster in the third system of superaisiste
the Ursa Majoris supercluster (SCI 336).

The very rich Corona Borealis supercluster is located at
the joint of these systems. This supercluster is a member of a
huge system of rich superclusters located at the right amige
respect to the Local Supercluster, described by Einasto et a
(1997b) as the dominant supercluster plane.

At high positive values of th& coordinate there are no rich
clusters, and the superclusters in this region are also pbere
are some poor superclusters farther away, perhaps congecti
superclusters in our sample volume with more distant sliperc
ters. Thus the large-scale distribution of the superctassevery
inhomogeneous, as noted also in L10.

To make projection feects less significant, we do not show
the chains of nearby superclusters in the right panel of[Eig.
The superclusters SCI 548, SCI 549, SCI 550, SCI 350, and
SCI 060 are superimposed on the superclusters SCI 351 and
SCI 354, and the superclusters SCI 779 and SCI 796 on the su-
perclusters SCI 038, SCI 336, and SCI 525.

4.2. Morphology of superclusters

ID inthe L10 catalogue; (2):Dgo;: the supercluster ID in the EO1 cata-The results on the morphology of superclusters are sumetaris

logue; (3): the Abell ID. x denotes X-ray clusters (EQL, Bidber et al.

2004).

in Table[1 where we list the following morphological charxet
istics for each supercluster: the maximum value of the fourt
Minkowski functional Vamax (Clumpiness), the values of the
shapefinder&; (planarity) andK; (filamentarity) for the whole

We show the large-scale distribution of rich clusters in S&upercluster, and the ratio of the shapefindérg, for the

perclusters in Fid.13 in cartesian coordinates. These cuates
are defined as in Park et al. (2007); Liivamagi etlal. (2010):

X = —dsinA,

y = dcosAa cosn,
z=dcosasing,

whole supercluster. This ratio is not given for the supestelts
for which V3 = 1 over the whole mass fraction interval, because
the K, may become very small, making the ralg/K, noisy.

We began the analysis of the structure of superclusters by
searching for possible subsets defined by their physical and
morphological characteristics. For this purpose we appie

whered is the comoving distance, andandn are the SDSS Mclust package for classification and clustering, decribed shortl
survey coordinates. To complement this figure, we presentimSect[3.2. Initial data foMclust was the number of groups
AppendiXx @ a 3D version of Fi@] 3, and the 3D distributions okith at least 30 member galaxies, the total weighted luniinos
groups in superclusters with the right ascensions, damims, of galaxies in a supercluster, its diameter, and the moguficél
and distances of groups.
In Fig.[3 the superclusters SCI 060 and SCI 350 (Table 1) dtet superclusters can be divided into two main sets. ThesBis
seen close to us. They belong to the Hercules superclustehw consists of superclusters with shape parant€{¢k, < 0.6, and
is split into several superclusters in our sample. Thesdlere second set of those with shape param#tgiK, > 0.6 — these
nearby rich systems seen in Higj. 2. A chain of poor supeeisistsuperclusters are less elongated than the superclustbesfinst
connects the Hercules supercluster with rich superclsisitea set. According toMclust, the richest supercluster in our sam-
distance of about 2081 Mpc the superclusters SCI 349 andle, the supercluster SCI 061, forms a separate subgroupgowi
SCI 351 (the Bootes supercluster) among them. We mentiontedts very high luminosity. For simplicity, we include thési-
in Sect. 2 that at small distances the size of the sample-crogsrcluster in the following analysis in the set of more elateg
section is only 220x14061 Mpc and these superclusters may bsuperclusers.

parameters given in Tab[@ 1. The results of this analysisvsho
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We estimated how well superclusters are assigned to the two 05 V3
different sets using the uncertainity of classification catedla O
by Mclust (see Secf._312). For our superclusters, the mean uncer-
tainty of the classification is.2-1072, showing that superclusters 0.4 O

are well classified. To measure how well the sets are detexnin

and to find the best model of a given dataset we use the BIC

values given byMclust. For our sets of superclusters the low-

est value of the BIC corresponds to the division of supetehss 0.3
into two main sets, with SCI 061 forming a separate class. The

value of the BIC for the one-component model for superchgste ¢ )
is higher, showing that this model is less likely for our sughes- &
ters. 0.2 0]®)
@
Table 3. Parameters of superclusters in sets according to their Qo)
morphology. 01 o &
@) @ ® @) -t
Kl/Kz < 0.6 Kl/Kz > 0.6 "o
with SCI 061  without SCI 061 0.0
Neg 6 15 55 0.0 0.05 010 015
Distance 254+ 64 254+ 66 200+ 43 K1
Ltot 820+ 316 790+ 274 525+ 122 . _ _ . _
Ngal 530+ 207 442+ 176 445+ 129 Fig. 4. ShapefmderKl (_planarlty) andK, (f|Iamentar|ty) for the
N3g 254092 2.0+ 0.74 2.0+ 0.63 superclusters with their clumpiness. The symbol sizes eve p
Diameter 44+ 12 43+ 11 22+ 5 portional to the fourth Minkowski functionds max. Circles de-
Vs 45+ 1.25 4.0+ 1.15 2.0+ 0.48 note superclusters with the shapefinders ritigk, < 0.6 and
Ka 0.08: 0.02 0.08+ 0.02 0.03+ 0.007 squares denote the superclusters with the #&fjd, > 0.6.
Kz 0.20+ 0.05 0.200+ 0.05 0.031+ 0.008

1

P EYES

.

Notes. Columns in the Table are as follows: 1: The parametgy,

the number of superclusters; the median distance of swstect, in
Mpc/h; the median total weighted luminosity of galaxies in theesup
clusters,Limeq in 10°h2Ly; the median number of galaxies in the o= ; [ ;
superclustersNgap the median number of groups with at least 30 mem- : *‘

2000 4000 1000 2000 3000 5 10 15 25 50 70 100

. . . . 0
ber galaxies in the superclustel; the median diameter of the su- L(tot) N(gal) N(el) Diameter

perclusters, in Mpth; the median value of the fourth Minkowski func- _. . N . .
tional, Vs; the median values of the planariky; and filamentarity, F19-5. Cumulative distributions of the physical characteristics

of the superclusters. 2-3: The median values anertors of the cor- Of superclusters for the two sets of superclusters dividethe
responding parameter for the first set of superclusters thélvatio of ~value of the shape parameter. From left to right: the distiams

the shapefinderk;/K, < 0.6; 4: The median values andrlerrors of of luminosities, numbers of galaxies, numbers of rich gsoup
the corresponding parameter for the second set of suptdusith the  with at least 30 member galaxies, and diameters of supéectus
ratio of the shapefindeis, /K, > 0.6. The black lines correspond to the first set of superclustéts w
K1/K2 < 0.6, including the supercluster SCI 061, the grey lines
to the first set of superclusters without SCI 061, and the ethsh
lines to the second set of superclusters WiilK, > 0.6.

i i 3
0.75f - i

do.so

Fig.[4 presents the shapefindés (planarity) andK; (fila-
mentarity) in the shapefinder’s plane for our superclusten-s
ple. In this figure circles correspond to those supercladiar
which the ratio of the shapefindeiks /K, < 0.6, and squares to
the superclusters witk;/K, > 0.6, i.e. to more elongated andtypically have higher values of clumpine¥s than less elon-
to less elongated superclusters, respectively. The sysibes gated ones — they have a more complicated morphology (see
are proportional to the maximum value of the fourth MinkoivskTable[3).
functionalVs max (clumpiness). This figure reflects both the outer We present the median values of supercluster parameters in
shape and the inner clumpiness (fine structure) of supéectusthese sets in Tablg 3. In Fig. 5 we plot the cumulative distrib
and summarises the morphological information about slyerc tions of the values of the physical characteristics of scipsters
ters. from the two sets, and in Fif] 6 the cumulative distributiofhs

Table[1 and Fig[]4 demonstrate that almost all superclike morphological parameters. The scatter of the paramister
ters in our sample are elongated; they have large filamentdairge, but the superclusters in the first set with the shappe:
ties with larger range of values than planarities. Two scpsr ter Ky /K, < 0.6 (with and without the supercluster SCI 061) are
ters with the largest filamentarities and with the ratio of thricher, more luminous, and have larger diameters than timse
shapefinders as small & /K, = 0.28 are the most extremethe second set with shape paramétetK, > 0.6. Superclusters
cases of filamentary systems in our sample. These two sudesm the first set also have higher maximum values of the fourt
clusters are the richest in our sample: SCI 061 and the Cordvimmkowski functionalVs, and higher values of planaritid€;
Borealis. We do not have extremely planar superclustersiin @nd filamentaritie&s,. In Fig.[1 we show another presentation of
sample K;/K; > 1.0). Three superclusters in our sample havihese results — the shapefinder’s plane for superclusteifer-
K1/Kz = 1.0 (they are spherical), and all these have a small maant total luminosity and the richness (the number of galaitie
imum clumpiness\{zmax < 3). More elongated superclusters supercluster) as coded in the symbol sizes explained irefigu
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Fig. 6. Cumulative distributions of morphological parameters of
superclusters for two sets of superclusters divided by #heev 0 2O

of the shape parameter. From left to right: the distribigion O

the fourth Minkowski functionaVs, of planaritiesk, and fil- 0.4r 069 o

amentaritie, of superclusters. The black lines correspond to 0[8 @ Q

the first set of superclusters witt; /K, < 0.6, including the

supercluster SCI 061, the grey lines to the first set of slperc 02— 0 75 100 120

ters without SCI 061, and the dashed lines to the second set of

superclusters witl; /K, > 0.6. Diameter
Fig. 8. Diameters of superclusters (in Mip¢ vs. their shape pa-

0.5 0.5 rameter. Symbol sizes are proportional to the value of thetlfio
L(tot) C N(gal) C Minkowski functionalV; of a supercluster. Circles and squares

correspond to the two sets of superclusters as infig. 4.

0.4} O 0.4 O

perclusters, and their shape and small clumpiness may bi@sea
noted also in_Einasto etlal. 1997b). The closest more eledgat
0.3 0.3 superclusters with the shape paramétefK, < 0.6 are about
170h~* Mpc away from us, their mean and median distances al-

¢ @) ¢ O most coincide and are about 264" Mpc (this is approximately
o 060 the distance to the rich superclusters in the SGW).
0.2} @) 0.2 o O
O @ 4.3. Notes on individual superclusters
[¢] [¢]
°o °o Below, we give a short description of individual superatustin
0L (=1 01 ° g, our sample. In the figures of this section and in Appeadix D we
0 s show for each supercluster (except for those for whigh= 1
.08 g ° &, o over the whole mass fraction interval) the sky distributidisu-
0 wo i percluster members, the values of the fourth Minkowski func

. 0.0+ X . X i
0 005 010 0.15 00 005 010 015 tional V3 vs. the mass fractiomf and the morphological sig-
K1 K1 nature for each supercluster. Panels in these figures a@-as f
lows. The left panels show the sky distributions of galadies
Fig. 7. ShapefinderK; (planarity) andK; (filamentarity), with superclusters and the location of rich groups with at le@st 3
the luminosities and richnesses of the superclusters.dretti member galaxies. The middle panels show the clumpikgss
panel symbol sizes are proportional to the total weighteaidu vs. the mass fractiomf for a whole mass fraction interval from
nosity of galaxies in the superclusters, and in the righeptm 0 to 1, and the right panels the shapefindefs K») curve (the
the number of galaxies in the superclusters. Circles andregu morphological signature) for a supercluster. The masgifrac
correspond to two sets of superclusters as in[Fig. 4. increases anti-clockwise along the curves. In these pdhels
value of mass fractiomf = 0.7 is marked — at this value the
morphological signature of rich superclusters changeswille
captions. The two most elongated superclusters are thesticttlassify our superclusters as spiders, multispiders, éfzs) and
and the most luminous. multibranching filaments on the basis of their morphololjita
Figure[® and FigurE]l5 show that more elongated supercldigrmation and visual appearance. Often superclustersfane o
ters also have larger diameters than less elongated ongly; imtermediate type between these main types, hence for some su-
ing that the systems with larger diameters are not planac-str perclusters our classification is a suggestion only.
tures. Also, there are no compact, planar, and very lumisaus  We begin with the two richest superclusters from our sample
perclusters. (Fig.[9). For these two superclusters the morphologicalatigre
Table 1 shows that all superclusters with the ratio dFig.[d, right panels) is plotted with symbols of the sizegon
shapefinders witliK; /K, > 0.6 are relatively nearby, only four tional to the value of the fourth Minkowski functionst at a
of them lie at distances larger than 260" Mpc. The closest given mass fraction, to show how the morphological sigreatur
of them is located at about 99 Mpc, and their median dis- changes together with the changes in clumpiness, as dedcrib
tance is about 208 Mpc. As mentioned above, owing to thein Sect[3]l. Here we do not mark the value of mass fraction
sample geometry, the nearby superclusters may not be fully mf = 0.7, for clarity.
cluded in the sample volume and their small clumpiness may be The supercluster SCI 061 at a distance of 256~ Mpc is the
due to this selectionfiect. Some nearby poor superclusters ar&chest member of the SGW (Einasto et al. 2011; Luparelld.et a
located in low-density filaments between us and more distant 2011). This supercluster contains nine Abell clusters|argest

oo
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Fig. 9. Left panels: the distribution of galaxies (grey dots) in theg, for the two superclusters, SCI 061 (upper row) and S@l 09
(lower row). Circles mark the location of groups with at iE38 member galaxies, and the size of a circle is proportitntile size

of a group in the sky. The numbers show Abell clusters. Thallaiganels show the fourth Minkowski functiondj, and the right
panels the shapefindefs (planarity) andK; (filamentarity) for a supercluster. The morphological sigme in theK; — K; plane is
parametrically defined as;(mf) andK,(mf). The sizes of open circles are proportional to the valuésadt a given mass fraction
mf. They show the change of the clumpiness with the mass fratigether with the changes in the morphological signaftie.
Abell clusters in the supercluster SCI 061 (upper row) areAll620, 2 — A1650, 3 — A1658, 4 — 1663, 5 — 1682, 6 — 1750, 7 —
1773,8—-1780, and 9 — 1809. The Abell clusters in the supsel$CI 094 (lower row) are 1 — A2067, 2 — A2065, and 3 — A2089.

number in our sample. Five of these are also X-ray clugens show that such collapsing cores in superclustersaaee r
ters (Bohringer et al. 2004). The richest of them, A1750a is (Gramann & Suhhonenko 2002). Luparello et al. (2011) pro-
merging X-ray cluster (Belsole etlal. 2004). The morpholofly posed that SCI 094 may merge with several surrounding su-
SCI 061 resembles a multibranching filament with the maximuperclusters in the future. In last years interest in the @aro
value of the fourth Minkowski functiona¥s max = 13, and the Borealis supercluster region has grown because of thewdisco
ratio of the shapefindets;/K, = 0.28, one of the lowest in our ery of the CMB cold spot in it's direction. This may be partly
catalogue (Fid.19, upper row, and Table 1). caused by the warm-hot flise gas in the supercluster fila-

i ments between the clusters, or by some undiscovered distant

The supercluster SCI 094 (the Corona Borealis superclusterk|yster (Génova-Santos ef al. 2008; Padilla-Torres|é2009;
at a distance of 216 *Mpc is the second in richness amon@znova-Santos et/al. 2010: Padilla-Torres £t al. 2010refed-
our sample. This system (_:ontains three Abell clus'gers (A20@nces therein)The poor superclusters SCI 362 and SCI 366 are
A2065, and A2089), and is a member of the dominant supgfiso members of the Corona Borealis supercluster. The robrph
cluster planel(Einasto etial. 1997h). The distribution d&ga oqgy of SCI 362 resembles a simple spider with the ratio of the
ies in the sky in SCI 094 is plotted in Figl 9 (lower row, leflshapefinderk;/K, = 1.0, while that of SCI 366 resembles a
panel). The maximum value of the fourth Minkowski functionamtibranching filament with the maximum value of the fourth

of the Corona Borealis superclusté§max = 10, and the ra- \inkowski functionalVsmax = 4, and the ratio of the shapefind-
tio of the shapefinder&y/K, = 0.28 (Fig.[9, the middle and grsk /K, = 0.38 (Fig[D.2).

right panels of the lower row, and Tallé 1). Morphologically

SCI 094 is a multispider with a number of clusters connected The supercluster SCl 001 contains two rich Abell clusters,
by low density filaments, with an overall very elongated shagA2142 and A2149, both of them are X-ray sources (Table 2).
that resembles a horse-shoe, with the merging X-ray clustéihandra observations have revealed that A2142 is probéglbly s
A2065 at the topl(Chatzikos etial. 2006). SCI 094 has besrerging (Markevitch et al. 2000). SCI 001 is located in aoagi
studied by Small et all (1998), who found that the core of thisith a dense concentration of superclusters, close to SCad
system probably has started to collapse. Numerical simulB€l 094. All these systems form a part of the dominant super-
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cluster plane. At the location of SCI 001 the luminosity dgns why the value of the fourth Minkowski functional for SCI 010
is the highest in the whole SDSS survey; this is probablyagtle and SCI 060/3 = 1 over the whole mass fraction interval, show-
partly because of the rich X-ray cluster A2142. The morphalg that they contain only one high density clump. SCI 350-con
ogy of SCI 001 resembles a filament where clusters are locataihs five rich clusters, three of them correspond to the lAbel
almost along a straight line (the 3D model on our web pagekister A2052. This suggests that A2052 has a substruetiife,
shows this best). The maximum value of the fourth Minkowslkdifferent components corresponding tfielient groups and clus-
functional for SCI 003 max = 2 and the ratio of the shapefind-ters in the T10 catalogue. The maximum value of the fourth
ersKy/K; = 0.48 (Fig.[I0 and Tablel1). Minkowski functional for SCI 350V3max = 2 (Fig.[11, lower

The supercluster SCI 011 at a distance of 234~ Mpc con- row), and the ratio of the shapefindefg/K, = 0.65. At the
tains two Abell clusters, A2040 and A2028, which are menfarther end SCI 350 chain joins the dominant superclussarel
bers of diterent superclusters in E01. The maximum value of t{€ig.[3).
fourth Minkowski functionaV3 max = 3 (Fig.[10, middle row), We summarise the results of the morphological analysis of
the ratio of the shapefindekg/K, = 0.92. The morphology of the superclusters in Tablé 4. For clarity we present the digur
SCI 011 resembles a sparse multispider or multibranchiag fibf the distribution of galaxies and rich groyglsisters in the sky
ment with a quite uniform density (as suggested by the low vdbr superclusters with less than 950 members galaxies, lhasve
ues of the fourth Minkowski functional; for a wide mass frac- their fourth Minkowski functionals and the morphologicigisa-
tion interval). SCI 011 belongs to the same superclusteptexn tures in AppendikD.
as SCI 001 (Fid.13). In Table[4 we list for every supercluster their distance, the

The supercluster SCI 024 at a distance of 2302 Mpc is numbers of galaxies, the number of rich groups with at le@st 3
the second richest member of the SGW. SCI 024 contains twember galaxies, and the number of Abell clusters among.them
Abell clusters, A1424 and A1516. Its morphology resemblesFaom morphological parameters we list the maximum value of
multispider with the maximum value of the fourth Minkowskithe fourth Minkowski functional and the number that shows
functionalVsmax = 5 and the ratio of the shapefinddtg/K, = whether the supercluster belongs to the set 1 (more elahgate
0.48 (Fig.[1I0, lower row). The values of the fourth MinkowskBsuperclusters) or to the set 2 (less elongated superdjstee
functional of SCI 024 at small mass fractionmf( ~ 0.25) also give morphological descriptions of superclustersraids.

V3 = 0 suggest that SCI 024 has low-density tunnels inside Table[4 shows that superclusters with a smaller number of
(Einasto et al. 2011). The member of the supercluster SCI 1d4laxies also contain, as expected, a smaller nhumber of rich
in EO1 to which SCI 024 also belong, the poor superclustgroups and Abell clusters. Among them less elongated super-
SCI 223, can be described as a multispider with two concerlusters dominate over more elongated superclusters e #ner
trations —the fourth Minkowski functional has a value of 2 f016 systems from set 2 and 10 from set 1 among them. The
a wide mass fraction interval (Fig,_D.1). SCI 223 is separatenorphology of 14 of them can be described as simple spider
from SCI 024 and SCI 055 by a small void, showing that clusr simple filament, and 12 of them are either multispiders or
ters gathered together into one supercluster in the EOlbgata multibranching filaments. In contrast, of 10 superclusteits
sometimes do not belong to the same supercluster, whemsystat least 950 member galaxies 7 can be described as multispide
are determined using data on galaxies. of multibranching filaments, two of them are simple spiderd a

The supercluster SCI 055 at a distance of 24A~*Mpc is  one is a simple filament.
separated from the SGW by a void and is connected to it by a
filament of galaxies (this is the reason why SCI 024 and SCI 055 )
both belong to the supercluster SCI 111 in the E01 catalogu®) Discussion
SCI 055 contains one Abell cluster, A1358. The morphology g
SCI 055 resembles a multibranching filament or an elongatet
multispider with the maximum value of the fourth MinkowskiThe main selectionféect in our study comes from the use of the
functionalVs max = 5 and the ratio of the shapefindétg/K, =  flux-limited sample of galaxies to determine the luminosién-

0.43 (Fig[11). sity field and superclusters. To keep the luminosity-depand

The supercluster SCl 336 contains two Abell clusters, A1279 selection ects as small as possible, we used data on galaxies
and A1436, which are members of the Ursa Majoris superclumad galaxy systems for a distance interval 90-BZQvipc. In
ter (Fig.[11, middle row). SCI 336 belongs to a chain of supehis interval these féects are the smallest (we refer to T10 for
clusters that is separated by a void from SCI 349 and SCI 38étails). We calculate Minkowski functionals of individusu-

(the Bootes supercluster) (see &lso Kopylova & Kopylov 200Berclusters from volume limited samples. This approachasak
and references therein). Luparello et al. (2011) found skt the calculations of morphology insensitive to luminosigpén-
eral filamentary systems may be associated with this systatent selectionffects.

According to our calculations, the morphology of the Ursa Another selection féect comes from the choice of the den-
Majoris supercluster resembles a sparse multibranchargéiht sity level used to determine superclusters. At the densitgl|
with the maximum value of the fourth Minkowski functionalapplied in the present paped (= 5.0), rich superclusters do
Vamax = 4, and the ratio of the shapefindefs/K, = 0.33 not percolate yet. For example, in the SGW we see several indi
(Fig.[11). The poor supercluster SCI 525 is also a member of vidual rich superclusters. At a lower threshold densityséhsu-
the Ursa Majoris supercluster, morphologically SCI 525 ban perclusters join into a huge system. In the same time ther@oro
described as a spider. Borealis supercluster is split into several superclustensr cat-

The superclusters SCI 010, SCI 060, and SCI 350 belong to  alogue at the density levBl = 5.0 . Thus there is no unique den-
the rich Hercules supercluster that is split between ségge sity level, which would be the best choice for all superaust
tems in our present catalogue. They are located at a distdncélowever, L10 show that superclusters are fairly well-define
about 100h~*Mpc and contain clusters that are exceptionallyystems and do not change much when changing the density
rich in the T10 catalogue, owing to their small distance fragn level, if only this change is small and does not break thenmtg i
(A2152 in SCI 010 and A2197 in SCI 060). This is the reasamall systems or does not join them into huge percolating sys

. Selection effects
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Fig. 10. Panels as in Fi@] 9. Filled circles in the right panel mark#hlee of the mass fractianf = 0.7. Upper row: the supercluster
SCI 001. The Abell clusters are 1 — A2142 and 2 — A2149. Midd¥e the supercluster SCI 011. The Abell clusters are 1 — A2040
and 2 — A2028. Lower row: the supercluster SCI 024. The Abe#iters are 1 — A1424 and 2 — A1516.

tems. When we move towards higher density levels, somegalax The identification of Abell clusters may also bé&exted
ies and galaxy systems in the lower density outskirts of @isupby selection &ects. It is well known that some Abell clusters
cluster do not belong to the supercluster any more; in theg caonsist of several line-of-sight components. A good exampl
the clumpiness of the supercluster at low mass fractionsdaay of such a cluster is the cluster Abell 1386, recently studiigd
crease. Moving towards lower density levels, new galaxies aPimbblet et al.[(2011). Our search discarded Abell clusiérs
galaxy systems in the outskirts of a supercluster becomersugected by this projectionféect.

cluster members. This may increase the value of the clurapine

and change the morphological signature of a superclustewat . ] ]

mass fractions. The possible change in morphology depemds?- Comparison with other studies

the number of galaxies and on the richness of groups remO\ﬁd

P N ecently Costa-Duarte etlal. (2011) used volume-limitad-sa
gg:’glg;tzgded to the supercluster and is individual for each Sples of galaxies from the SDSS DR7 to extract superclusters

of galaxies and to study the morphology of whole superclus-
At small distances our sample volume is small, which irters with the shape parameter (the ratio of the shapefinders
troduces another selectioffect — nearby rich superclusters aré;/K;). To determine superclusters the authors calculated the
split between several superclusters, some parts of thgmr-sudensity field with an Epanechnikov kernel and found systems
clusters may be located outside of the sample volume. Thifgalaxies with at least 10 member galaxies._In_Einasto.et al
makes the data about nearby superclusters less reliable. (2007d), we compared the Epanechnikov &jdbox spline ker-
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Fig.11. Panels are the same as in Hi@). 9. Upper row: the superclutie®s5. The Abell cluster is A1358. Middle row: the
supercluster SCI 336. The Abell clusters are 1 — A1279, 2 -3&14ower row: the supercluster SCI 350. The Abell clusteesla
—A2052, 2 — A2063.

nels and found that both kernels are good to describe the o2011); Luparello et all (2011). These studies showed tbat e

all shape of superclusters, while tBg box spline kernel bet- gated, prolate structures dominate among superclustsrs, a
ter resolves the inner structure of superclusters. Thiség¢a- we also found in our study. In the analysis of the geome-
son why we used this kernel in the present study. The most itny of the structures around the galaxy clusters from simu-
portant diference between our studies is that we used the d&ttons|Noh & Cohn|(2011) showed that these structures tend
about the richer superclusters with at least 300 membekgaléo lie on planes. Similarly, in our study and in the study
ies. Costa-Duarte etlal. (2011) showed that there are batfapl by Costa-Duarte et all. (2011) poorer systems are more planar
and filament-like superclusters (pancakes and filamentejpgm|Sheth et al. (2003) used the shapefinders pkanK, (the mor-

the superclusters of their sample, while in our sample theze phological signature in our study) to study the morpholofy o
almost no superclusters for which planarity is larger théa fi superclusters in simulations. They found that richer andemo
mentarity. Howevel, Costa-Duarte et al. (2011) found tleayv massive superclusters tend to be more filamentary and have a
rich and luminous superclusters tend to be filaments, as see anore complicated inner structure (high values of the genus i
found in our study. their study).

The overall shapes of superclusters, described by the shapeFuture evolution of the structure in the Universe has
parameters or approximated by triaxial ellipses, have bekeen addressed in simulations by several authors, we re-
analysed in_Jaaniste et al. (1993); Kolokotronis etlal. 2200 fer to |Araya-Melo et al. [ (2009) for a review and references.
Basilakos 1(2003); Einasto etlal. (2007a); Costa-Duartél et/Araya-Melo et al.|(2009) studied the evolution of the shape: a
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Table 4. Data of the morphology of superclusters.

(1) @ @G ® G ©® O (8) ©)
SClio  dpeak Ngal N30 Napell Vamax Set  Morph. Notes
Mpc/h
1 2645 1038 4 2 2 1 F
10 1119 1463 2 1 1 2 S
11 2350 1222 5 2 3 2  mS(mF)
24 2304 1469 4 2 6 1 msS SGW
55 242.0 1306 4 1 5 1 mS(mF)
60 92.0 1335 3 1 1 2
61 2556 3056 15 9 13 1 mF SGW
94 2154 1830 10 3 9 1 mS
336 170.0 1005 6 2 4 1 mF
350 105.8 955 5 2 2 2 mS
38 2244 586 5 2 2 2 S
64 3017 619 2 2 3 1 F
87 2134 445 1 1 2 2 S
136 2121 504 5 1 2 2 S
152 3016 423 2 2 3 2 F
189 267.2 433 1 0 4 1 F
198 2847 473 1 1 4 2 mF
223 268.3 462 2 2 3 1 msS
228 2106 643 4 1 2 2 F
317 321.6 351 1 0 5 1 mS T
332 291.0 333 1 1 3 2 mS
349 188.0 893 5 3 5 1 msS F(L11)
351 2254 615 4 3 4 2 mF
362 1952 306 2 3 2 2 msS
366 3004 353 0 0 4 1 mF
376  258.7 437 2 1 3 2 F T
474 2512 389 3 1 5 1 F
512 227.7 371 2 2 3 1 mF
525 1542 438 4 2 3 2 mS
530 306.8 333 0 0 5 1 msS T
548 158.7 314 2 1 1 2 S Her-DSP
549 1625 322 1 0 1 2 S Her-DSP
550 1351 459 3 2 1 2 S Her-DSP
779 139.7 353 1 0 2 2 mS  SGW chain
796 1023 369 1 1 1 2 S SGW chain
827 254.1 405 0 0 4 1 F

Notes. Columns in the Table are as follows: (BCl,p: the supercluster ID in the L10 catalogue; (2): the distariche density maximumjpeak'

(3): the number of galaxies in the superclusrégap (4): the number of groups with at least 30 member galaxigheérsuperclusteiiNsg; (5):

the number of Abell clusters among groups with at least 30 begrgalaxies in the superclust&apg; (6): the maximum value of the fourth
Minkowski functional, ¥/3max (Clumpiness), for the supercluster; (7): classificatiat:-s 1 for superclusters with the ratio of the shapefinders
K1/Kz < 0.6 and 2 for superclusters with the ratio of the shapefinbgf&, > 0.6); (8): morphology: S denotes spiders, mS — multispiders, F
filaments and mF — multibranching filaments; (9): notes. SGnotes members of the Sloan Great Wall; F(L11) denotes a€fitary system
according tol(Luparello et 8l. 2011); T denotes superctashar which at a certain mass fractidfs = 0, suggesting that these superclusters
have tunnels through them (Adpl B, Einasto et al. 2011). B8P denotes the superclusters located in a chain of suptdithat connects the
Hercules supercluster with the dominant superclusterepland SGW chain denotes the superclusters in a chain in tbgréund of the Sloan
Great Wall.

inner structure of superclusters in simulations from thespnt Comparisons of the properties of rich and poor superclsister
time to a distant future (froma = 1 toa = 100,ais the expan- have revealed severalftirences between them. The mean and
sion factor). In their study superclusters were defined gh-hi maximum number densities of galaxies in rich superclusters
mass bound objects, and the supercluster shape was apptoigiher than in poor superclusters. Rich superclusters ame m
mated by triaxial ellipses. To analyse the substructuraipés asymmetrical than poor superclusters (Einastolet al. 2007a
clusters they used the multiplicity function of clusterssirper- Rich superclusters contain high-density cores (Einash et
clusters._Araya-Melo et al. (2009) showed that superatastee 2007¢). The fraction of rich clusters and X-ray clustersidtn r
elongated, prolate structures, there are no thin pancakea@ superclusters is larger than in poor superclusters (Eresil.
them. Future superclusters are typically much more spileri@001;[Luparello et al. 2011), and the core regions of theasth
than present-day superclusters. Presently, the supendu®n- superclusters may contain merging X-ray clusters (Bardedl.
tain a large number of clusters, which may merge into a sin@2@00; Rose et al. 2002). However, we still lack a detailed-ana
cluster in the far future, i.e., multispiders and multibrhimg fil-  ysis of whether the dierences between the properties of the
aments may evolve into simple spiders and filaments. galaxy and group content of rich and poor superclusterseare r
lated also to the dierences in morphology of superclusters.
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In [Einasto et dl.[ (2008) we compared the properties of tiperclustersin our sample are rich —aboitdf our superclusters
two richest superclusters from the 2dF Galaxy Redshift &yrv contain one rich cluster or group only (three superclustensot
the superclusters SCI 126 (SCI 061 in the present study), arahtain any rich group or cluster).
the Sculptor supercluster (SCI 9 in EO01). We used Minkowski Summarising, our study showed that:
functionals to quantify the fine structure of these supetels as .
traced by d‘.iferqent gafl)f/ixy populations. Our calculatﬁ)ns showea) Most superclusters contain Abell clusters, abg8tdf them
that in the supercluster SCI 126 the population of red, earlg/ are X-ray clusters. .
type galaxies is more clumpy than the population of blues la ) The large-scale d_|str|but|on of the §uperclusters 1y vier
type galaxies, especially in the outskirts of the supetelusn homogeneous. Rich supercll_Jsters In the sample form three
contrast, in the supercluster SCI 9 the clumpiness of gedaxi_. chains, the Sloan Great Wall is the richest of them.
of different type is quite similar in its outskirts. In the core 013) Almost all superclusters under study are elongated ane ha

the supercluster SCI 9 the clumpiness of blue, late typexgala filamentarities that are larger than than their planarities
ies is larger than the clumpiness of red, early type galaxies MOre elongated superclusters are also more luminous, have
In the supercluster SCI 111 in the SGW the clumpiness of red larger diameters and contain a Iarg_er ”“mbef of rich claster
galaxies is larger than that of blue galaxies (Einasto/&Cdl.). ;I;]he vallue?] of the fourth Mlnk?wstkl(;qnctlonvg shhov;/ tha’fth
Morphologically the supercluster SCI 126 resembles a multi | ey also ?Vg a mor(Ie C?mp ICated inner morphology than
branching filament, while the Sculptor supercluster and 5al %s]:s € ongﬁ el s_uplerc uls ers. h | . f
resemble a multispider. We need to study the morphology aléréi hel morphological ana yISISt N OV_;_’E af_ arget va?ety Of mor-
galaxy populations of a larger sample of superclusters th fin PN0'09!€S among Superciusters. The Tine structure or super-
out whether the dierences between galaxy populations in su- clusters_ can be d‘?s‘?”bed V.V'th four main types of mqrphol—
perclusters are also related to theifielient morphology. ogy: spiders, multispiders, filaments, and multlb_ranchiulﬂg

Aragbn-Calvo et dl[ (2010) recently studied the structume aments. Often a supercluster has an intermediate morphol-
morphologies of elements that define the cosmic web with the _cl)gy bhetween theset main tyr[:])es. ?&grctlufsters tW'tr][ a sim-
Multiscale Morphology Filter and data fromCDM simula- |Car shape |E{)Iararr_1teherthmayh ave ent ine t?] ruc urf). f
tions. The authors found several typical morphologies far fi ~ ~ONSequently neither th€ shape parameter or the number o
ments, which they describe as line, grid, star, and complex fi rich clusters in a supercluster alone aréisient to describe
aments. We can compare that with our classification of super- the morphology of superclusters.

cluster morphologies. Approximately, line filaments areneo  Qur results on the morphology of superclusters can be used
parable with our simple filaments. Star filaments can be cofigr compare the properties of local and high-redshift supsrc
pared with simple spiders. Grid and complex filaments may cagrs. Few superclusters at very high redshifts have alrbadn
respond either to multibranching filaments or to multispsde discovered in deep, wide-field imaging surveys (Nakatalet al
although complex filaments are more similar to multispiders 2005 Swinbank et 4. 2007; Gal el al. 2008; Tanaka ét al.}2009
grid filaments to multibranching filaments. This shows tie t[Schirmer et dl 2011). Deep surveys like the ALHAMBRA
morphology of observed and simulated superclusters isim g project (Moles et dl. 2008) will provide us with data abouigp
eral, similar, as we found earlier from much smaller samplegple) very distant superclusters; we can analyse theicstre
of observed and simulated superclusters. The biggest Banepand compare that with the local superclusters, using mdogho
is the supercluster SCI 061, a very rich and high-densitytimulical methods.
branching filament. No other supercluster with such a mdfpho  Qur study does not give a definite answer to the question
ogy has been found yet either in simulations in observa(®®s about the possible connection between the morphology &fsup
also.Gott et al. 2008). Anotherftierence between the observeg|usters and their large-scale distribution. Also, theeesuper-
and simulated superclusters, as quantified by Minkowskefuncjusters in our sample that can be described as filamentsltr mu
tionals and shapefinders, is fine structure of superclystelis- pranching filaments, but none of them is as rich and has such an
eated by galaxies of flierent luminosity|(Einasto et al. 2007d).overall high density as the supercluster SCI 061. Even tie ri
The clumpiness of observed superclusters for galaxiesi@rdi est supercluster with a multispider morphology in our sanpl
ent luminosity has a much larger scatter than that of siradlatthe supercluster SCI 094, is not as rich as the very rich Smulp
superclusters. Simulations do not yet explain all the festof supercluster if_Einasto etlal. (2007d). This shows the need f
observed superclusters. a larger sample of superclusters to understand the morgiolo
cal variety of superclusters, and to study the possible ection
between the large-scale distribution of superclustersthait
morphology.
We have presented an analysis of the large-scale distiibuti  Different morphologies of superclusters suggest that their
and morphology of superclusters from the SDSS DR7. Whivolution has been fferent. To understand the formation and
the overall shape of superclusters has been analysedrearlieevolution of superclusters of fiierent morphology better, we
several studies, our paper is the first in which the inner mareed to study the properties and evolution of superclusters
phology of a large sample of observed superclusters isesiidi simulations. The morphology of superclusters and its evolu
detail. We used multidimensional normal mixture modelliag tion may be one of the factors to distinguish betwedtedent
divide superclusters into two sets according to their ptajsind cosmological models_(Kolokotronis et al. 2002; fiioan et al.
morphological properties. We present 2D and 3D distrimgiof [2007). Especially interesting is the supercluster SCI @6thé
galaxies and rich groups in superclusters, the clumpingsg&c Sloan Great Wall. Up to now simulations have not been able
(the fourth Minkowski functional/z — mf relation), as well as to model its morphology (Einasto et al. 2007d, and reference
the morphological signatur€;-K, for each supercluster in ourtherein). New simulations with larger volumes are needed to
sample . study the morphology of superclusters and the evolutiomef t
The superclusters were selected to contain at least 300 oibrphology of simulated superclusters, to understandehe r
served galaxies. As we showed, this does not mean that all sans for the exceptional morphology of the superclustel06C|

6. Summary and conclusions
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In addition, very rich superclusters are rare; anotheraeds

Einasto, M., Einasto, J., Tago, E., et al. 2007c, A&A, 464 81

use simulations for large volumes comes from the demand to fnasto, M., Jaaniste, J., Einasto, J., et al. 2003b, A&A, 421

clude as large a variety of superclusters in the simulatxune
as possible.
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Shandarin, S. F., Sheth, J. V., & Sahni, V. 2004, MNRAS, 382, 1 We defined the (one-dimension&} box spline kernngl) of
Sheth, J. V., Sahni, V., Shandarin, S. F., & SathyaprakasB, B003, MNRAS, the widtha as
343,22
Silverman, B. W. 1986, Density Estimation for Statisticsd ddata Analysis K(l) X = Ba(x A
(Chapman & Hall, CRC Press, Boca Raton) B (x.,9) 3(x/2)(6/2). (A-5)
gg‘uﬂtig ?"Z“Sf'lcl\'/’”\?;‘fse"é’lvlv' L. W., & Hamilton, D. 1998, Ap92, 45 wheres is the grid step. This kernelfiiérs from zero only in the
Sousbie, T., Pichon, C., & Kawahara, H. 2011, MNRAS, 530 interval x € [-2a, 2a]; it is close to a Gaussian wittr = 1 in
Stoica, R. S., Martinez, V. J., & Saar, E. 2010, A&A, 510, A38 the regionx € [—a, @], so its dfective width is 2 (see, e.gl, Saar
Swinbank, A. M., Edge, A. C., Small, |, etal. 2007, MNRAS931343 2009). The kernel exactly preserves the interpolation @rtyp

Tago, E., Saar, E., Tempel, E., et al. 2010, A&A, 514, A102 ; ; ; ;
Tanaka, M., Finoguenov, A., Kodama, T., et al, 2009, A&A, 506 for all values ofa andés, where the rati@/¢ is an integer. (This

Tempel, E., Einasto, J., Einasto, M., Saar, E., & Tago, E920&A, 495,37 Kernel can be used also if this ratio is not an integer,and o;

Tempel, E., Saar, E., Livamagi, L. J., et al. 2011, ARA, 5263 the kernel sums to 1 in this case, too, with a very small error)
Venemans, B. P., Rottgering, H. J. A., Overzier, R. A., eR8D4, A&A, 424, This means that if we apply this kernel b points on a one-
L17 dimensional grid, the sum of the densities over the grid &gy

Vogeley, M. S., Hoyle, F., Rojas, R. R., & Goldberg, D. M. 2004 1AU

- o N.
Collog. 195: Outskirts of Galaxy Clusters: Intense Life e tSuburbs, ed. . . . . .
A. Diaferio, 5-11 The three-dimensional kerndﬁs) is given by the direct
Wolf, C., Gray, M. E., & Meisenheimer, K. 2005, A&A, 443, 435 product of three one-dimensional kernels:
Zappacosta, L., Maiolino, R., Finoguenov, A., et al. 20082434, 801
i i i 3)(y. _ 1)/, 1\, 1) /..
Zeldovich, I. B., Einasto, J., & Shandarin, S. F. 1982, Nat@00, 407 K|(3 )(r, a,0) = Ké )(X, a, (5)Ké )(y, a, (5)Ké )(Z, a,o), (A.6)

Zucca, E., Zamorani, G., Scaramella, R., & Vettolani, G.3,9%J, 407, 470

wherer = {xy,2z. Although this is a direct product, it is
isotropic to a good degree (Saar 2009).
] ] ) o The densities were calculated on a cartesian grid based on
Appendix A: Luminosity density field and the SDSS;, A coordinate system, because it allowed the most
superclusters efficient fit of the galaxy sample cone into a brick. Using the
rms velocityo, translated into distance, and the rms projected
radiuso, from the group catalogue (T10), we suppressed the
cluster finger redshift distortions. We divided the radiatahces
Yetween the group galaxies and the group centre by the ratio o
the rms sizes of the group finger:

To calculate the luminosity density field, we must first ctdoe
the luminosities of groups. In flux-limited samples galaxaeit-
side the observational window remain unobserved, and we h
also to take into account the luminosities of these galaages
well. For that, we multiply the observed galaxy luminositkey
the luminosity weightVy. The distance-dependent weight factogjgaLf = dgroup + (dgati — dgroup) T+/ . (A7)
Wy was calculated as follows:

This removes the smudgingfect the fingers have on the density

fooo Ln(L)dL field. We used an ! Mpc step grid and chose the kernel width
d= o (A.1) a=8h"Mpc. This kernel diers from zero within the radius
le Ln(L)dL 16h-1 Mpc, but significantly so only inside thet8 Mpc radius.

Before extracting superclusters we applied the DRY
whereL;, = Lp10*Mo™2) are the luminosity limits of the mask constructed by P. Arnalte-Mur_(Martinez étlal._2009;
observational window at a distandecorresponding to the ab-|Liivamagi et al/ 2010) to the density field and convertedsilen
solute magnitude limits of the surveyl; and M,; we took ties into units of mean density. The mean density is defined as
Mo = 4.64 mag in the-band (Blanton & Roweis 2007). Owing the average over all pixel values inside the mask. The mask is
to their peculiar velocities, the distances of galaxiessamme- designed to follow the edges of the survey and the galaxyi-dist
what uncertain; if the galaxy belongs to a group, we used thation inside the mask is assumed to be homogeneous.
group distance to determine the weight factor.

To calculate a luminosity density field, we converted the . . . .
spatial positions of galaxies and their luminositied; into APpendix B: Minkowski functionals and
spatial (luminosity) densities. For that we use kernel iierss shapefinders

(Silverman 1986): For a given surface the four Minkowski functionals (from the

first to the fourth) are proportional to the enclosed volumée
p(r) = Z K(r-ri;a)Li, (A-2)  area of the surfaics, tF\e Pntegrated mean curvatute al?:(rj] the

: integrated Gaussian curvatyreConsider an excursion sgj,
where the sum is over all galaxies, aKdr; a) is a kernel func- ©Of @ field ¢(x) (the set of all points where the density is higher
tion of a widtha. Good kernels for calculating densities on &1an a given limitg(x > ¢o)). Then, the first Minkowski func-
spatial grid are generated by box splirs Box splines are lo- tional (the volume functional) is the volume of this regidhe(
cal and they are interpolating on a grid: excursion set):

> Bix-i)=1, (A3) Volgo) = | . (B.1)

Foo

for anyx and a small number of indices that give non-zero valudd1® seécond Minkowski functional is proportional to the e
for By(x). We used the populdss spline function: area of the boundaigF, of the excursion set:

1
Ba(X) = %2 (Ix— 2% - 4x— 1+ 6x° - 4x + 1° + [x+ 27) (A4)Ve{#0) = 5 | dSCI. (B.2)

0Fgq
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(but it is not the area itself, notice the constant). Thedthigroups with 2 — 29 member galaxies with empty circles. We do
Minkowski functional is proportional to the integrated meaur-  not show the figures for superclusters, for which the valubef

vatureC of the boundary: fourth Minkowski functionalV; = 1 over the whole mass frac-
tion interval.
V(¢)—if ( 1 + 1 )dS(x) (B.3)
2 b e, \RIO T RGO |
whereR; (x) andR»(x) are the principal radii of curvature of the *

boundary. The fourth Minkowski functional is proportiortal

the integrated Gaussian curvature (the Euler charact@radt S l”‘ e 4%& 2
the boundary: 2 wé%@ 8 w
N Qe 0 % ﬁﬁ{iﬂ He O
1 1 g 1 . 200
Va(¢o) = — —————dS(x) . B.4 y o
3(¢0) 4 jr;% Ri(X)Ra(x) ) (B4) g 1 %@0 . 10
o 0o Z
At high (low) densities this functional gives us the numbér o =1 -100
isolated clumps (void bubbles) in the sample (Martinez &rSa I v ra—o I om0 300 20
2002; Saar et al. 2007): «
V3 = Nclumps+ Npubbles™ Ntunnels (B.5) Fig.C.1. Distribution of groups with at least 12 member galaxies

in our superclusters in the cartesian coordinates as irfi3im.

As the argument labelling the isodensity surfaces, we chdgits of h™* Mpc. Filled circles denote the groups with at least
the (excluded) mass fractianf — the ratio of the mass in the 50 member galaxies, empty circles denote the groups with 30—
regions with the densitjower than the density at the surface49 member galaxies and crosses denote the groups with 12-29
to the total mass of the supercluster. When this ratio rums fr member galaxies. The numbers show the ID’s (Table 1, column
0 to 1, the iso-surfaces move from the outer limiting bougdat) of very rich superclusters from Selct.}4.3.
into the centre of the supercluster, i.e., the fractioh= 0 cor-
responds to the whole supercluster, amid= 1 — to its highest
density peak.

We used directly only the fourth Minkowski functionalA pendix D: The distribution of galaxies and rich
in this paper; the other functionals were used to calculaté) - . .
the shapefinders (Sahni etlal. 1998; Shandarini et all 20@4; Sa 9“’“93 in the sky and the.fourt.h Minkowski
2009). The shapefinders are defined as a set of combinationsfunctional and morphological signature for
of Minkowski functionals:H; = 3V/S (thickness)H, = S/C superclusters with less than 950 member
(width), andHz = C/4r (length). The shapefinders have dimen-  galaxies
sions of length and are normalized to ghle= Rfor a sphere of _ . o .
radiusR. For smooth (ellipsoidal) surfaces, the shapefinttrs I this section we present the distribution of galaxies dohl r
follow the inequalitiesH; < H, < Hs. Oblate ellipsoids (pan- group$c|usters in the sky as_well as the fourth Minkowski func-
cakes) are characterised By << H, ~ Hs, while prolate ellip- tionals and morphologlc_al signatures for superclustetis less _
soids (filaments) are described By ~ H, << Hs. than 950 member galaxies (F@:D.Z, D_.3). .In all fig-

Sahnietal. [(1998) also defined two dimensiorH'®S the left panels show the distribution of galaxies inske
less shapefindersk; (planarity) and K, (filamentarity): (dots). Circles in these pa_nels mark_ the Ioca_tlon (_)f groupis w
K1 = (Hz — H1)/(Hz + Hy) andKs = (Hs — Hz)/(Hgz + Hy). at least 30 member galaxies. The size of a circle is propuatio

In the (K1, K»)-plane filaments are located near thgaxis, (0 the size of a group in the sky. The middle panels show the
pancakes near th€ -axis, and ribbons along the diameter, corfourth Minkowski functionalVz vs. the mass fractiomf, and
necting the spheres at the origin with the ideal ribbon atyn the right panels show the shapefindeisplanarity) anc (fil-
Einasto et 8l.[(2007d) we calculated typical morphologsigé @mentarity) for the supercluster (the morphological sigrej.
natures of a series of empirical models that serve as morphdled circles in the right panels mark the value of the maas-f

logical templates to compare with the characteristic caifge 10N mf = 0.7.In the right panels the mass fraction increases
superclusters in thekg, K»)-plane. anti-clockwise along the curves. As in the previous sectiam

do not show the figures for superclusters, for which the vafue
the fourth Minkowski functionaVz = 1 over the whole mass
Appendix C: 3D figures of superclusters fraction interval.

Here we show the 3D distribution of groups in our superchsste
Figure[C1 is 3D presentation of FIg. 3 and shows the distribu
tion of groups with at least twelve member galaxies in our su-
perclusters in the cartesian coordinates defined in Sd€ilhrin
units ofh~* Mpc. The filled circles denote groups with at least
50 member galaxies, empty circles denote groups with 30-49
member galaxies and crosses denote groups with 12—29 mem-
ber galaxies. The numbers are ID numbers of superclusténs wi
at least 950 member galaxies. Hig. IC[Z,]C.4, C.4 show 3D
distribution of groups in superclusters. In these figureploe

rich groups with at least 30 member galaxies with filled eiscl
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Fig.D.1. Left panels show the distribution of galaxies (dots) in
the sky. Circles mark the location of groups with at least 30
member galaxies, and the size of a circle is proportionah¢o t
size of a group in the sky. The middle panels show the fourth
Minkowski functionalV; vs. the mass fractiomf, and the right
panels show the shapefinddfs (planarity) andK, (filamens:
tarity) (the morphological signature). In the right pangle
circles mark the value of the mass fractiori = 0.7; the mass
fraction increases anti-clockwise along the curves. Fropto
bottom: the superclusters SCI 038, SCI 064, SCI 087, SCI 136,
SCI 152, SCI 189, SCI 198, and SCI 223.
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Fig.D.3. Panels in this figure are the same as in Eig] D.1. From
top to bottom: the superclusters SCI 474, SCI 512, SCI 525,
SCI 530, SCI 779, and SCI 827.

Fig.D.2. Panels in this figure are the same as in Eig] D.1. From
top to bottom: the superclusters SCI 228, SCI 317, SCI 332,
SCI 349, SCI 351, SCI 362, SCI 366, and SCI 376.
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