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Abstract

The network of filuments with embedded clusters sumounding voids, which has been seen in maps derived from
reddshiit surveys and reproduced in simulmions, has been referred 1o as the cosmic web., A complementary
description 15 provided by considering the shear in the velocity field of galaxics. The cigenvalues of the shear
provide information regarding whether or not o region is collapsing in three dimensions, which is the condition for
a knot, expanding in three dimensions, which is the condition for a voad, or in the intermediate condition of a
filumsent or sheet. The structures thit are quantitatively defined by the eigenvalises can be approximiaed by iso-
comtaurs that provide a viswil representation of the cosmic velosity (V) web, The curent application is based on
ruddial peculior velocities from the Cosnrieflows-2 collection of distances. The three-dimensional velocity field is
consirscied using the Wiener filter methodology in the linear approximation. Eigenvalues of the velocity shear are
calewloted af each point on o grd. Here, knots and filamems ore visunlized across o bocal domain of

dinmeter ~0, le,
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1. Intreduction

The structure in the universe wis bom out of tiny
Muchtions in the couldron of the Big Bang. Although cosmic
expanston is deminant on large scales, locations of higher
density attract and locations of lower density evacuate. If the
loeil density is high enoigh, altraciion cin Mmp cosimic
expansion and lead 1o collapse. The pattems of density
imegularities are complex and af any pamicular locmtion ihere
are many influences. The velocities of galaxies after the cosmic
expansion is subiracted out are a reflection of these influences.
With low amplitede density Auciuations, there s o lincar
relsionship  between  the  distibution of matter and  the
divergence of the velocity field, This simple relationship offers
a way 1o descnbe the features of the lorge-scale structune in the
distribution of galaxies: the cosmic velocity or V-web (HofTmen
et al, 22

The shear in the velocity Reld can be determined a1 any
specified location. IF all three eigenvalues of ithe shear ane
positive above some threshold, then the location is within the
doiuiin of o collapsing kool 17 iwo af these gigenvilies excesd
the thresheld, then the location is within a filament, collapsing
in two-dimensions and expanding in the third. One eigenvilue
above the threshold identifies a sheet while values below the
threshold on all three axes is the propeny of a void. Surfaces
cin be delined that separate the knot, filament, sheet, and void
constituents. For thresholds with positive values, most of the
vislwmee of the universe is given over (o shegts ml voids, Here
we study the cosmography of the nearby universe primarnly
through represemations of the knots and filaments, te regions
of highest density.

2, Context

Eurly evidence of sheet-like structure in the distibution of
galaxies (de Vaucouleurs 1956) was given an explanation in

seminal discussions of the anisotropic collapse of Lirge-scale
density penurbations (Zel'dovich 1970 Zel'dovich & Shandarin
1989), The increasdngly clear evidence of Rlamentiry struclines
from observations {Tully 1982, de Lapparent et al. 1986) andd
the incneasingly <ophisticaed simulations of clusters conmected
by filaments and sheets with most of space in voids gave rse
to the descriptive eaminology of the cosmic web (Bond et al.
1596,

Various schemes have been developed o characterize the
feitines af the cossmic web in the distabution of galaxies i
redshift space or the distribution of panticles in simulations.
Among them are DisPerSE  (Soushie 2001),  SpineWeb
(Amgin-Calvo et al. 2000a), Bisous {Tempel et al. 2004),
amd the Muliscale Momphology Filler (Aragén-Calve ¢t al.
2007, 2000b). NEXUS is an extension of ihe laber io
incorporate velocity signutures, tides, divergences, and shears
(Caustun ¢ al, 2003, 2014). (hhers have uwsed the tdal tensor in
outlining the web (Hahn ot al. 2007; Forero-Romem et al
206005, Ar higher densities, the dynamics become nonlinear,
reaching shell-crossing and phase mixing (Abel et al. 200 3;
Falck et al. 2012; Shandarin et al, 2002), This paper focuses on
the ientification of web features from velocities alone and with
an analysis restricted to the lincar regime (Hoffman et all. 200 2;
Libeskind et al. 20012, 20135).

A Cosmicllows-2 Velocliies

The line-af-sight velocities of galaxies can be readily and
securmely obtained from the Doppler-shift of spectral lines.
These velocities are the combination of 4 cosmic cxpansion
component, which is wsoally dominant, and o component
refemed to as the peculiar velocity that is associated with
density irmegulanties. The cosmic expansion component obeys
the Hubble faw, lineardy incressing with distance. so if o
distance o a galaxy is known then the cosmic expansion
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velocity is infermed and the residual from the observed velocity
is the line-of-sight peculiar velocity.

In the volume of interest of this study there are of the order
of & million galuxies. Accursie distances are available for onlly
a timy fraction. Galaxies with measured distinees ane trser lest
particles that sumple the depanures from a pure Hubble flow.
The presemt study is based on the Cosmicflows-2 cutalog of
8000 distances (Tully et al. 2003). Cosmicffows-2 distonees ane
derived from six methodologies: (1) the relation between the
pulsation peried of Cepheid stors and their lominosity, (2) the
consirained luminosity of red ginni branch stars at the onset of
core helwm burming. (3} the so-colled surface baghiness
Muctuntion method by which the brightest red ginnt branch stars
in g galaxy are individusdly unresolved bat collectively mottle
the appearunee of the goaloxy in a way thal diminishes with
distance, (4) the so-called Tully-Fisher method thit is kased on
the comelmtion between the motation e of o spiral galogy amd
its Tuminasiiy, (5) the reloied fondamental plane method for
elliptical galaxics el links lomisaty, central velociy dispersion,
andd surfuce brightness, amd (6) the almost constant peak brightness
of supemnovi explisions of tvpe e

This compensdium of distinces mvolves both onginal measure-
ments made within our collaborsiion and contributions from the
literatune, m roughly equal parts, There was an atlempt with the
assemibly of matenal from different sources (o assure a consasicney
of scale, The global valse for the Hubble constant consistent with
this data was foune 10 be H#; = 744 km s~ Mpe~', though the
#ero poant scile is not insponant for the present discussaon, Maost
recently, our collaborition published the expanded Cosmmicflows-3
catalog of TR0 distances (Tully et al. 2006} bui this new
catalog remiins o be sudied.

The observed velocity of a galaxy, Ve, = cz. al a distance d,
cun be separted inte components due (o the expansion of the
universe, Hyd. and o peculinr velocity, Vi the mdial
companent of the departure from cosmic expansion (Davis &
Scrimgeour 2014)

Voo = UV — Mo} /() + Hud /o), i

whene
r=t+daog-Lo—g-3d+ps @
=140 - gz = <0 gy = 35 + )3, @

and we assume g = (fl, — 2402 = -0.595 ({1, = 0.27
and flat topology) and §, = 1. Details of the cosmological
pairameters are ned imponant on the local scile of the current
stuily.

Only the mulial components of peculiar  velogities are
ohserved, and with substontial unceruinties. The sky covernge
is non-uniform, paniculurly due 1w obscuration at low galactic
ltitucles, but also becouse of the heterogencous niture of the
distpnee material and decrepsed density of coverage with
redshift. A crucid element of our program mvolves  the
translution of unisetropic, sparsely sampled, and noisy redial
pecullar velocities ino o map of three-dimensional velovities,

4. Global Velocity Fields

A Bayesian construction of the three-dimensional velocity
ficld s performed by means of the Wiener filter cstimaor
{Fwroubi et al. 1995, 1990} gpplied within the framework of the
standard meodel of cosmology. The model presumes that the
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strocture was formed from pimordiol Goussion Auctuations
with a specified power spectrum {(Komisu et al, 28, The
lingar approximution for the response of peculior velocitics
holds reasonably well down 1o a scale of ~5 Mpe, Uncenainties
i individual distances and henee Vi, are substamial, increasingly
50t arge distances. A unalysis maist socount for velocity
field hisses (Strmuss & Willick 1995}, Here we wse the Buyesian
methodology of the Wiener filter on the Cosmicflows-2 collection
of dhstances. The products ane an oplimal compromise between
the noisy and spare dutn and the prior assumpions enbodicd m
the cosmodogical model and linear iheory,

The hinear Wiener filter s successiully applicd o the sparse
i noisy radinl velocity measurements o produce  three-
dimensiona] velocity fields beciise of long-rmnge coherence in
flow patterns. Indeed, structures bevond the range of the
distance information can be inferred from the tidsl component
of the velocity field. Dipole and gquodrupole moments of the
velocity field carry information on stiractors and repellers on
very lorge scales (Lilje et al. 1986; Hoffman e al
2001, 2015, 2007). The analysis gives uttention (o Malmiguist
binses (Struss & Willick 1995}, There have been extensive
discussions of these issues in several publications (Peebles
1980; van de Weygoen & Bond 2008: Waikins e1 al. 2009,
Dravis & Nusser 2006).

3. Local Velocity Fields and Velocity Shear

Ohur interest here is on intermedinte and local scales. We invoke
two dignostic ools, One of tese 15 the decomposition of the
global flow fields into local and tidal components (Zamouhi et al.
19949 Holfman ¢ al. 20003 In the linear regme, the Poisson and
Euler equitions presembe that the divergence of the velocity s
propotional @ the density, The Wicner filier analysis gives us a
3D map of linear density. We can extruct the density in 2 given
volume shout a selocted bocation and set the density outside of this
region W the memn, A local velocity feld s assocised with the
extrucied density feld. The vector subimction of the local velocity
from the global velocily gives the tidal velocity fickL” The origin
onel the radivs of the extraction procedure are freely chosen,
allowing for fexibility in invesigations of suspecied basing of
attrziction and. with te inversion of gravity. repulsion,

Our secomd disgnostic ool invelves an cvaluation of the
shenr in the velocity field on a gnd of specified locations,

Eau = =(0,V) + 24V,) /28, [E)]

where paniil denvatives of velocity V oare determined along
directions v and 7 of the onhogonal supergalsctic Canesian axes
anel @ mormudlztion 1= provided by the average expansion e of
the universe given by My, the Hubble constent. The minus sign is
mitrsbuced 0 psociale posiive eigenvalues with collapse,

The eigenvectors of the shear, with associited eigenvalues
ordered from most positive 0 most negative, define the
principal axes of the collapse ond expansion. We e most
interested here in the regions of highest density: knots with all
eigenvalues, positive and above o specified threshold, and
filamenis with iwo of three cigenvalues above the threshobd.
Chur visual representations show surfaces that enclose knols and
filaments above specified thresholds. These representations are
visual proxies for the velocity web or, Tor shom, the Voweh

+ The terms “vidal™ used here reliers w0 oll onders ol the maliipole influences of
gravity outside of the locs] region.
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a movie by Daniel Pomarbde, Yohuda Hd

Figure 1. Narrated onling anipatbon of the cosmic Woweb., The original Bigher resolutbon version of his ilm can be found ab bnips: |/ vimeogom 2062 10825

A transcript of the voioe over namalion is pravided.
iAn snimation of this figare is svaklable, with ssocisted ounscripi, )

{Hoffman ¢t al, 2002; Libesking et al, 2002, 2014}, Figure |
introdfuces a video and the two panels of Figune 2 illustrte”
this proxy for the V-web inthe 400 Mpe ~ 0, Le diameter local
domain, with surfaces of knots in red and surfaces of filuments
in gray. Knots ane represented with surfaces af five levels of the
smallest eigenvalue Ay (positive o (004, 005, (006, 007, ad
(L.095), while filamenis are represenied with surfaces ot a single
chosce of the eigenvalue Ay = +0046. The streamlines on
these plots are allemative descriptions of flows, nepresenting
glotal fows in the op panel and local flows i the bottom
panel.

We represent Mows with streamlines. The Hubble expansion
has been subtmacied oul. A streamline is developed from a
selecied seed positien by constructing & vector for which the
length is coversd in one time step, then repeating the process af
the mew position a1 the end of e veclor, oie step al i lime,
until reaching @ sink or beaving the box. The line equation of a
stremline, [ix) where 5 is the line parameter. is caleulmed by
integrating af (5} = wif{shids (Holfman et al. 20074 In the wop
panel of Figure 2 with full fows, colors represent velocities
that rise as the gravitational potential minima (calculmed hy
solving the Poisson equation) are approached and fall as a
iR 1% paseed,

The bottom pancl focuses on local flows moving towand
loen]l pravitutional wells—where local velocities are those
induced by the density ficld within spheres of GO0 km s~ n
is commonly seen along filaments that there are divergences in
Incal Alows and boundarnices betwieen Aows moving in opposite
directions along the flament. 7 the regions of these boundaries
are nspecied in a mapping of individual galaxies, there is
usually an apparent cisruption o the continuity of the
distrbution. The dimension of the local analysis is arbitrary.
The diensity fiekd comains o hiermrchy of strectunes (Armgon-Cilvo

& Esch of the siill figures im this anicle are direaily or spprosinaiely dmwn

from soemes im the online animation of Figure 1.

& Swalay 2013 Cowun ¢t al, 2003), Geosps and  mdivedial
piluxies are regions of collupse within filaments o shesels ond
even voids, The immediate regions of collapse amound such
entities ane nod captuned by the Wiener filter Finear analyss,

Figure 3 illusirates the same V-web structure from a rotated
viewing position. The connections between the Perseus=Pisces
ard Coma struciures and between Hercules and Shapley are
seen. There is also a clear view of our home position at the
origin of the red. green. and blue amows,

It shvould be poted thit an individual galaxy only trvels o
few megaparsecs along the direction of o streambine in the age
of the universe, Peculiar velocities are only small perurbations
on the cosmic expansion, excepl in regions thi have collapsed
il wvirbualieed.

6, Cosmic V-Web

The cosmic velociy web and the more familiar cosmic web
defined by o redshift survey provide aliemative descriptions of
large-scale structure. Fundamentally, they are i goosd agree-
ment. Redshift representations are stroight forward at o busic
bevel and can be rich in deail. They sulfer from boundary
effects: in distance, with obscuration, and survey constrints.
Omly cenain Kinds of galaxies are incheded and the linkage with
dork mower s ambiguous, With assumptions, velociy fields
resulting from the displacements of the observed galuxies from
redshifi locations can be estimated (Erdogdu et al. 20606;
Lavoux e1 al. 2008; Lavaux 2000, 2016; Kitwm et al
2012, 20065 Heb et al, 200 3), The Delaunay Tessellmion Field
Estimutor hus been used 1o infer velocity flows from o medshif
survey (Ronmno-Diaz & van de Weygoent HKI7), demonsirating
in particular the imponanee of mdinl ouflows fmom vosds,

The oliemative deseniption from the velocity feld indepen-
dent of information abowt the disirbution of galaxies s
complementary. Ench object with a measured peculiar velocity
is a test particle responding 1o the gravity field a1 its position,
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Soumnarm Wl
Poisous-Praces
T Fusninal
Lipas-Funngl Sament
Shapitry: Homubes flemonl
Southom Wal
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Greal Alrncion
Shapley-Lepus tamaent Lopus-Funng Hamont

Figure 2, Conmic Woweb. Suﬂnhulrlﬂm.mmlmmhlhllldllnwdmd flamests, s pray, The top pasel illustraies large-scale low paiterns from selecied
soved positions komuinating m the Shapley Concentrulion, acceh tovard knits dreddar tones) amd are retarded boyond keots [hluer fnes ], The batlom pancd
shrws focal flows wowanl local hasins of aitmetion. There are frequently divergent paints along filamenis, with local velocilies al adjacemt positions in opposiic
dsrections, The scake of the Voweh represontation approximates 0, e (0 diameier, The 1op panc] appeans ol 11348 im the online animatson of Figure | and the Bodiom

pane] sppears at 1:21.

To date, only a modest frction of galixies drwn from a
redshift survey contnbule 0 o Veweh analysis and the
inchividual errors are lorge. However, the long-range correlation
of individual vebocities enables the inference of structures in

regions of obscuration and on scales larger than ihose

with concurrent all-sky redshifi surveys (Dressler et al, 1987,
Dekel et al. 199%: Zaroubi et ul. 1999 Hoffmun et al. 20073 I
i an important sdvantage that the density feld is evaluated free
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Southem YWal

Lepus-Funnel fiamaent

Goma-Hiscuhrs fiamint

Porsous-Corma Hamssn

Figure X Cosmic ¥-web from a rofaled view. Flow lines. indscaie local Bows. A similar image appears & 4:25 in the animatson of Figure 1.

of assumptions reganding the relationship with  luminous
ohjects.

The unimated figune (see Figure 1) highlighes the mujor featunes
of the V-web as defined by the Conmicflenvs-2 compilation of
distances and the interpreted velocity field. In addiion w0 the
amimation of Figure 1, we provide an il1l||:|tt'|.i'm:1igurl:,J intosduced
by Figure 4. In each nepresentation, we drow attention o filaments
that create bridpes between mujor abmction knots, particulardy
several that pass through the mone of ohscurstion. There is o notable
one between Lepus el Shapley, Kman-Koreweg et al. (2007)
have discussed a siructure in Vel that we posit is a najor clement
in the linknge between Lepus and Shapley, Another promanent bait
oiscured structure runs between Perseus—Pisces and Coma and can
also be seen in e nakshift survey reconstrsction by Lavaux &
Jusche (2006), Theee other mone focal filaments that mn from the
Centnurus Chuster in the Gresl Anmcior region 10 the Perseus-
Pisces complex have received scant atention and are discussed
nest. We distinguish them by three-pan nomes. that idemify their
el points and the moute they take. Filumentary links between
mugor knots 15 o fundomental expectotion of the cosmic web (Bond
eloal. 199G; van de Weygaen & Berschinger 199; van de
Weygnen & Bond 2008)

There will be references below 1o the interctive figure of the
Veweh with superimposed galaxies from a redshift caalog, The
catalog, called “WEE™ is restricted 1o a box of 8000 km s~
on the cardinal supergalictic axes (Courtois et al. 20013}
Crlaxies in clusters thwt are important for our discussion are
colored red. Gulaxies within the Perseus-Pisces sirsciure ane
colored magente. Other feaunes than are represented by colors
are described below,

T tipst | akfbs By 6T
" Available af beip: ! fedd ifa hawail odu.

G4, Centaueris=Puappis—-FP Filament

A substanti] Alament originates o the Centaurus Cluster,
mins to the Amlia Cluster, then passes through the Milky Wiy
planc at the south supergalactic pobe, and procecds onward 1o
the Persus=Pisces complex. Pieces of our Centanns=Puppis=PP
filamient have been discussed by several aulwrs, bt disjointly
becouse of the intermuption by obscuration. The Antlis=Hy dru
Cloud in the Nearly Gelavies Adas (Tully & Fisher 1987)}—
called the Hydrm Wall by Fairll (1968 —passes through the zone
of obscurution as the Puppis Glament (Kraan-Koreweg &
Huchimeier 1992, Swaveley-Smith ¢t al. 2006), ond emerges
south of the Milky Way as the Lepus Cloadd in the Nearly
Girliavies Atlas, The term “Antlin strnd™ (Courtois et al. 200 3)
was ditrduced 1o dentily the featiin: a3 onie of five strails
{filaments) emanating foom e Centaurus Clusier,

Figure 5 shows the V-web representition of the floment in
question; 11 1% the lower coherent structure between the Greal
Adtracior and Perseus=Pisces in each of the two panels. A
hifurcation in flows is seen within the V-web filament roughly
midway between the NGO 1600 ond NGC 2292 groups, where
the shundance of observed goalaxies becomes sparse and local
flows split ond move in dilferent directions. Effectively, the
boundary between the Laniakes (Tully et al. 2004 and
Perscus—Pisces (Hoynes & Giovanelli 1988) superclusters is
betng crossed. lispection of the two panels reveils virations in
local flow panerns as @ function of scale, Local flows
resposuding io density periurbations on small scales are seen
to feed towand knots, which serve as local attmctors. As the
scabe of influences is allowed o expand. coherence emerges in
flovws toward the major basing of attraction,

Giving consideration to the three-dimensicnul distribution of
galaxies from the dense VEK redshifl survey, it appears thit the
Cemavrus-Puppis=FP [lament is pan of a wall ol the from
boundary of the Sculpior Vioid (Fairll 1995). The wall is broken
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Figure 4, Initial scene of the interactive Hgure of the Cosmicfows.2 Wiener lilior constriction of the cosmac velocisy woh i

i i leoms of fil

1 (pray
ssfaces) and knot (red surfiuces), Galaxy povitions from the YAk cataleg of redehifis are marked by spheroids of different colors: {1) nad for @ sedection of clavicrs,

{2} eyan, pink. and Khaki fos the thiee companents of the O

s~ Pisces lilament, (3] yelow Tor the Contmme-Virpe—Tomscus—Pisces lllament,

H]Hulnhfm—h:h—hmn%mllhmlijmhlhmwmmtﬁ]bl.:knlh:uw The central signpost has 000 km s~ tll.lq
anrves peinting to the $GX {red), SGY (greend, msﬂ?munmmmmmkmmn widde. There are 20 anmotsted posis. The maode] view' locuses on
a post upan sefection. Allematively, the view will progress 8o cach post inonder by selocting the formand or backwand asmows. at the botom of the image. The moded
cam alsy be miouse controdled wilks pan, nodm, rotste. and immalaic optéons. The onginal mode] @ hosted by Skeichfab {bitpss / /skib by /667171, An intcactive version

of the model is available,

into thaee min flamentary stmnds, esch extending all the way
from the Centaurus Cluster o the vicinity of the Perscus-Fisces
structure. In Couwntois @4 ol (2003), the initin] parts leaving the
Cemtaurus Cluster were refemed 10 os the Antlia strand, already
diseussed, mnd the Southem Superclusier (de Voucouleurs [1956)
strand with forks “a” omd b These sepamte featunes can be
followed in the nccompanying online iMermctive animution of
Figune 4. In that moded, galaxics in the main C

filarmem ane colored pink, while the Southem Superchester o and b
stmnds are cobored cyan and gray-green respectively. In the
Veweb, only the Centoums—Puppis—PP structure (emansting from
the Antlia strancl) his the eigenvalue propenties of a filament given
the threshold values specified in Section 5. The olher two
stnsctunes (the twa forks of the Southern Supercluster sinmicl) ane
identified o5 sheets, expunding on two axes wath conypression
nomris] o thee void. Cotum et al, (200 3) have shown that (e shear
fiekd trsces dominant filuments and mxles bul is not sensitive o
wispy feahues,

.2, Centaiirs-Arcli-PP Filainee

A robusi feature of the V-web analysis is an entity that we call
the Arche This structure is an extension of the major Nom-
Pavo-Indus flanent (NP strand in Courtois ¢4 gl, 2003} that
ongimaes near the Great Altmctor convergenee at the Centaunes
Cluster and caps the Local Vil in the supergnlsctic norh before
resiching the Perscus-Pisces megion, A view of it is shown in
Figune 6. This same view is seen a1 5m 555 in the animation of
Figure 1. This scene illustrates the split in directions of local
flows wowand aliematively Perscus-Pisces and the Greal Altractor
via the NP filament. Individual galasies in this strsciure are
represeited in blue mthe sccompanying interactive figure,

The V-web onalysis has been requined it clanfy the
importance of this connestion between the Greal Altrscior
dinl Perseus—Pisces regions. The filament passes thiough
galactic ohscurtion between the Centaurus and Nomma clusters
unald then, after the esdly followed Pavo-Indus thremd, it folds
back af its greatest distance of ~6000km s ' toward low
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Ridiv/tidal)=4000 km/s

PERSELIS

Figure 8. Contminme-PP filament with two local tidal cots. There is a represenistion in each pancl of Veweb surfnces of knots (red) and filsments (gravh Local Dow
paitems derived as deseribed in Section 5 wre isdicaied by the Bow lmes wiil srows. In ihe fop panel, the local {divergent) velocizles mre caloslsted within spheres of
raditis 20000 kw8, wsile i the Bodtom panc| he spheres aie capusded 1o S000 Lin & ", Flows are ovident towand regional mass conconirations bike the Virgo Cluster
amil the NGC 2292 Group in the lop panel, while there is greator onganazation in Sows bowanl the majer attracions in the bottom panel. Imporiant clusiers within the
obwerved slive ang idencilied by pame. & variant of the bojlom pasel appesrs @ ;11 in the aniemacion of Figane |

galuctic latitudes before reaching the Perseus—Pisces region in
the vicinity of the NGC 7242 Cluster.

6.3 Cemauris—Virgo-PP Filoment

It becomes apparent thai the structure historically called the
Virgo or Local Supercluster (de Voucouleurs 1953) 15 only an
appendage of a larger siruciure, In Courtois et al. (2013), the

“Wirgo strund” was another of five filaments emanating from
the Cemtaums Cluster (three of the others hove been mentioned,
including the NPl strund feeding into the Arch, the Anilia
strand feeding the Centwrus—Puppis-PP filoment, and the
forked Southem Superclusier simnd. ) In Figure 7, we note that
this structure through Virgo can be followed all the way to the
Perseus—Pisces region. In the inieractive gure, galaxies in this
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Flgure &. A great [Hlemesd runs from the Greal Algmotor s the beart of Laniskea Supercheder through Nomma-Pavo-Indus, senoss the Anch that fonms a fer Boundany
of the Local Wosd, o the Persews-Pisces struciure. Midway along the Arch, there i o poini of bifurcation berween bocal flovws that hesd o Perseus-Pisces anil local
Bivws divectand towand the Greal Aftractir, This soone appeans al 5:55 m the animation of Figane 1,

PERSELFS-FISCES
———

Figure 7. O relationadip o the Girest Armowe s showm, Flow soresmlises in oor vicinity oi the origin of the amows pass by e Vigo Clusier and aloag the Veago
strunil b0 arrive al the Oreal Attacior im the regisom of the Centaunis and Nomma chadons. A V-wch Blamen bo-surfaoe exlends (rom the Great Albmctor theough Vingo
1o fimally neach the Persws-FPisces comples, Individual galaxies in the seleoied yolume are drawn from 2MRS, Galactic obsouration s in a horinonial bell coincident
with the ned srow (supergnlactss SGX, with 50657 nosmal 100ihe figurel scoounting fov the lack of galasies inothal hasd, Toses of Bloe theoogh yellow and rod map
regions af inoreaxing trace of the shiar iensor that preserbes the Tnear donsity Hield in the Wicner filler medel. A vanant of this scene sppears al 748 in the asrmalios

of Figure |

filnment une given the color yellow. Toward the end of the path
neanng the Perseus Cluster, the individual galaxy sample is
depleted by obscumtion, but the filimentiry structure is
robustly defined by the V-web.

Somewh w the right of te feaure lnbeled Ursa Magor in
Figure 7, the local fows are seen o lip Trom moving towand
the Gremt Atmctor to moving toward Perseus-Pisces. As
Perseus—Pisces  is approached, the filamemt  from  Viego
converges with u filament from the Amowhesd mini-super-
cluster (Pomaride ¢ al, 20015

The convergence of local flow velocities at whut we are
calling the Great Auracior is seen in the figure 10 be between
the Centaurus und Noma clusters. The clusters Antlin, Hydr,
Abell 3537, 3565, 3574, and 5753 are also close by, Liner
theory fuils 10 describe the details of this complex region.

7. Disgussion

The description of larpe-scale structure derived from the
shear of the velocity ficld, the cosmic V-web, is Blunt but
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Fhgire B Suiface af the Lantakica Supenchasor in bl is superimposed on the Ve-web, Local Bows within this surfoce torminale af the Great Akncor, Local (Tows
ey ehis bossndary mre directed 1vwand other basies of stirsction. See this soene ol 7:30 in the animation of Figane 1.

informstive, 1t is Blunt in the sense that it does nod aecess the
fine details seen in the flagreed visual representations of the
distribation of galoxies in redshift spoce, or the even morne
detniled renderings of simulations with lorge numbers of
pamicles. However, where the velocity informmtion is of high
eiough guality, the Voweb captires the essential elemeiils of
the structure. It captures the cores of altraction and repulsion in
the knots and depths of voids. With the separtion into
filaments and sheets the V-web identifies the dominant streams,
whereas the relative importance of thread-like fetires ane ofien
nel so obviows with redshift maps.

The V-web {as presemly derived) is blunt also because it is
based on lineor heory. In reality, it can be expected that
filaments and sheets are thinner than the linear theory
representations.  Moreover, our companson  with redshift
surveys  (either 2MRS or VEK) do not account for the
displacements of galaxies in redshiflt spoce with respect 1o
physical space (Kitnurn et al. 2006; Lavaux & Jasche 2016).
Obvious consequences ane visible on close inspection of the
figures amd ihe interactive hgure. The displacement of the
Y-web knot from the galaxies of the Virge Cluster of
~ 400 km s " is o paticular example,

Cur reconstruction of knots, iilaments, sheets and voids from
pecubiar velocily information alone should be compared in
detail with constructions based on redshift surveys {Romano-
Dz & van de Weygaen 2007, Kiaura et al, 2006; Lavoux &
Jasche 2006). We expect o make such comparsons but with a
Weweb construction based on the more extensive Cosmicfis-3
compendinm of distinces, The compurisons should also benefit
from improved spatial resolntion in the V-web analysis following
from refinements that probe the mildly nonlmenr regime.

We have seen thit V-web filaments can link between basins
of attraction on varows scales as anticipated by simulations
{Bond et ol. 19%; Colberg et al. 20055 The Liniskea
Supercluster is a basin of atraction on a scale of 107 M. (Tully
et al. 2004). Locul Mows on this seale and within the envelogse

of Laninken gather in the Great Anractor region (Lyaden-Bell
o1 ol 198%), near the nexos of the Momo and Cemtaunis
clusters. In Figure 8, we sec the domain of the Laninkea
Superclusier superimposed on the V-web based on velociies
from Ceesentcflews-2 and our Wiener flier maodel.

8. Conclusions

The shesr inothe velooity ficld of galaxy flows provides a
quontitative description of the koot, filument, sheet, ond void
morphology of large-scale structure. The ensuing maps are
necessarly coarse given the cument completeness and scourmcy
of velocity information and the binses that arise with lincar theory
amal the velocity displacements with redshift surveys, The present
comstruction mpidly deteriomtes bevond ~7000 km s due to
the paucity of daen and large distance uncertaintics, However, the
mujor festunes of loeal lupe-scale strociure ane recoversd,

In the wnimation of Figure | and the interactive animation of
Figure 4, several flamems connecting mojor  centers of
attraction are easily followed wround the penphery of the
observed volume, There is a particularly prominent structure
running from Perseus—Pisees o Lepus 1o Shapley. Another
s fromy Perseus=Pisces o Coma, Both of these filamens are
fosllowed as they pass through the zone of obscaration. Then
another filament of noie runs from Hercules to Shapley.

Amalyng the mode] where the doata density and distance gquakity
are highest, we find three significant filements linking the Centalns
Cluster i the CGireal Amctor region o the Perscus—Psoes complex,
None of these one fomaliar in their entinsty in the [Rensture. primanly
because all three pass through the olscurstion of the Milky Way
plame, W nate that there 15 much to beam from the Vaweh,

We are indebved 1o the neferee for muny comments thin hive
strengihened this paper. Visualizotions in this work were endered
with SDwviseon (Saclay Dt Visualizastion) sofiwane, Suppon has
been provided over the yeurs by e Institut Universsiaire de
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NASA, and the Jet Propulsion Lab.
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