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ABSTRACT

We study the effects of the local environmental density and the cosmic web environment
(filaments, walls, and voids) on key properties of dark matter haloes using the Bolshoi—Planck
A cold dark matter cosmological simulation. The z = 0 simulation is analysed into filaments,
walls, and voids using the SpineWeb method and also the VIDE package of tools, both of
which use the watershed transform. The key halo properties that we study are the specific
mass accretion rate, spin parameter, concentration, prolateness, scale factor of the last major
merger, and scale factor when the halo had half of its z = 0 mass. For all these properties,
we find that there is no discernible difference between the halo properties in filaments, walls,
or voids when compared at the same environmental density. As a result, we conclude that
environmental density is the core attribute that affects these properties. This conclusion is
in line with recent findings that properties of galaxies in redshift surveys are independent of
their cosmic web environment at the same environmental density at z ~ 0. We also find that
the local web environment around galaxies of Milky Way’s and Andromeda’s masses that are
near the centre of a cosmic wall does not appear to have any effect on the properties of those
galaxies’ dark matter haloes except on their orientation, although we find that it is rather rare
to have such massive haloes near the centre of a relatively small cosmic wall.
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1 INTRODUCTION

The basic structure of the cosmic web was described in the early
1970s as arising from the one-dimensional gravitational collapse
of adiabatic fluctuations into pancakes/sheets and subsequently
two- and three-dimensional collapse into filaments and nodes/knots
(Zel’dovich 1970; Doroshkevich, Shandarin & Zeldovich 1983).
These ideas could be realized in detail (e.g. Bond, Kofman &
Pogosyan 1996) when the cold dark matter (CDM) theory was de-
veloped (Blumenthal et al. 1984) and the ACDM density spectrum
of adiabatic fluctuations was supported by the anisotropy structure
of the cosmic background radiation and other observational evi-
dence. The modern consensus is now that about 26 per cent of the
cosmic density is CDM, ~5 per cent is ordinary (baryonic) matter,
and ~69 percent is dark energy perhaps in the form of a cosmo-
logical constant (e.g. Planck Collaboration XIII 2016). The history
and evolution of these concepts has recently been summarized in a
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major conference (van de Weygaert et al. 2016). The various mod-
ern methods for determining the structure of the cosmic web have
been compared in Libeskind et al. (2018), and reference therein.
These methods generally agree on the range of cosmic densities
corresponding to voids, with greater dispersion between the dif-
ferent methods in the densities assigned to sheets, filaments, and
nodes. The cosmic densities assigned to these various cosmic web
locations overlap somewhat, so that haloes at a given environmental
density can be in different web environments.

This paper looks at effects of the cosmic web environment on
the properties of distinct dark matter haloes (i.e. haloes that are not
sub-haloes) in the Bolshoi—Planck cosmological simulation (Klypin
etal. 2016; Rodriguez-Puebla et al. 2016) at redshift z = 0. The main
tool that we use to define the web in the simulations is the Spine of
the Web (SpineWeb) (Aragén-Calvo et al. 2010; Aragon-Calvo &
Szalay 2013), which starts by identifying voids. The boundaries
of voids are walls/sheets, and the boundaries of the sheets are fil-
aments. Other popular methods include the T-web and V-web, in
which the cosmic web structures are identified by analysing the tidal
and velocity shear fields; for example, voids in the V-web are char-
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acterized by diverging velocities, while nodes/knots are locations
of converging velocities. The methods such as SpineWeb — which
do not identify nodes but do identify filaments, walls, and voids —
agree that more than 80 per cent of the halo mass is in filaments,
with less in walls, and least in voids (Libeskind et al. 2018). The
volume fraction assigned to voids is about 40 per cent in methods
including SpineWeb and T-web, although the V-web assigns a vol-
ume fraction of about 70 per cent to voids (Libeskind et al. 2018).
These volume fractions depend heavily on the definition used to
classify the environments. In particular, the eigenvalue threshold on
the T- or V-web can shift the quantities significantly. To verify that
our conclusions are robust, we also used the Void IDentification and
Examination toolkit (VIDE) package (Sutter et al. 2015), based on
the Zobov void finder (Neyrinck 2008), to determine the voids of
the Bolshoi—Planck simulation at z = 0.

Since the cosmic web has its origin in the gravitational astro-
physics of cosmic density and dark energy, a major subject of the
many papers investigating the cosmic web has been to identify how
the evolution and properties of dark matter haloes are related to
their locations within the cosmic web. For example, one area in
which there is considerable agreement regards the orientation of the
angular momentum of dark matter haloes. In simulations the spin
vector of haloes in walls tends to lie in the walls, while the orien-
tation of the spin of haloes in filaments depends on the halo mass
and the redshift, with lower mass-halo spins tending to align with
the filament while higher mass-halo spins tend to be perpendicular
(e.g. Hahn et al. 2007; Aragén-Calvo et al. 2010; Libeskind et al.
2013; Aragon-Calvo & Yang 2014; Wang & Kang 2017). Galaxy
observations have not yet yielded a consensus on such spin orien-
tations, although it is true that the spin of the disc of the Milky
Way does lie in the Local Wall (e.g. Navarro, Abadi & Steinmetz
2004; Neyrinck 2008; McCall 2014). The edge of this Local Wall
is demarcated by a ~4 Mpc radius ring (filament) of large galaxies
that McCall (2014) refers to as the ‘Council of Giants’, with the
Milky Way and Andromeda Galaxy (M31) located near the centre.
We show in this paper that the presence of even one such massive
halo in such a small wall is rather unusual.

There is strong evidence that properties of dark matter haloes
including their masses, and of the galaxies that they host including
their masses and luminosities, differ in different web locations (e.g.
Eardley et al. 2015, and papers cited there). However, it is important
to disentangle the effects of the environmental density and of the
web environment. It is the main purpose of this paper to do this
for dark matter haloes at z = 0, and we will show that the many
halo properties that we investigate (except for their orientation) are
entirely determined by the environmental density. That is — at least
for the definitions of halo properties and environmental density that
we adopt — these halo properties at a given environmental density
are the same regardless of whether the halo is in a void, wall, or
filament. In addition, we do not find evidence at z = 0 of special
properties of haloes as massive as those of the Milky Way and M31
in walls as small as the Local Wall.

Alonso, Eardley & Peacock (2015) has shown that the mass
function of dark matter haloes at the same environmental density
is independent of the halo’s location in the cosmic T-Web. We
study different halo properties in this paper: mass accretion rate,
spin parameter, concentration, prolateness, scale factor of last ma-
jor merger, and scale factor when the halo had half of its z = 0 mass.
The dependence of these and other halo properties on the halo’s en-
vironmental density has been discussed in detail in a recent paper
Lee et al. (2017a), and this paper extends this analysis to include
the location of these haloes within the cosmic web. While the ob-
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servational results of Tojeiro (2017) show that low-mass haloes in
knots are older than haloes of the same mass in voids, appearing
to indicate the importance of the cosmic web location, it did not
separate location from density, that is, it did not take into account
the density effects of Lee et al. (2017a) and Alam et al. (2018).
Our results appear to be consistent with observational evidence that
properties of nearby galaxies at a given environmental density do
not depend on their cosmic web location (Yan, Fan & White 2013;
Eardley et al. 2015; Alonso, Hadzhiyska & Strauss 2016; Brouwer
et al. 2016). However, there are indications that location in the
cosmic web may influence certain properties of galaxies even at
the same environmental density, both nearby (e.g. Guo, Tempel &
Libeskind (2015) find that SDSS galaxies in filaments have more
satellite galaxies than those in other cosmic web locations) and at
higher redshifts (e.g. Laigle et al. 2015, 2018).

This paper is organized as follows: In Section 2, we describe
the Bolshoi—Planck cosmological simulation and the methods that
we use to find and characterize the dark matter haloes, their local
densities, and their cosmic web locations. In Section 3, we com-
pare many properties of dark matter haloes in four mass bins as
a function of both their environmental density and their locations
within the cosmic web, and we find that both the median values
and the distributions of these properties are all determined by the
environmental density rather than the cosmic web location ; we also
study how often haloes as massive as those of the Milky Way and
M31 occur in cosmic walls the size of the Local Wall. In Section 4,
we summarize and discuss our conclusions. The appendix contains
figures that supplement those in the text. Appendix A shows that
halo properties are similar in walls of various sizes, at the same
cosmic density. Appendix B shows that changing the distance of
haloes from the centres of filaments has little effect on the halo
properties that we study. Appendix C shows that the distances of
haloes in small walls to the centre of their walls have little effect on
their angular momentum, which lies in the direction of the planes
of their walls.

2 METHODS

The following methods were used to study halo properties as a
function of density in different web environments in the Bolshoi—
Planck simulation with Planck parameters (Klypin et al. 2016;
Rodriguez-Puebla et al. 2016): dark matter haloes were found with
ROCKSTAR (Behroozi, Weschler & Wu 2013a) and CONSISTENT
TREES (Behroozi et al. 2013b); the cosmic dark matter density was
Gaussian-smoothed on different length scales (Lee etal. 2017a); and
the Bolshoi—Planck simulation was grouped into filaments, walls,
and voids using the SpineWeb method (Aragén-Calvo et al. 2010)
and the VIDE method (Sutter et al. 2015).

2.1 Simulation and halo properties studied

We use the Bolshoi-Planck simulation with 2048° particles in a
volume of (250 2~' Mpc)? (Klypin et al. 2016; Rodriguez-Puebla
etal. 2016). The Bolshoi N-body cosmological simulation was made
with the Adaptive Refinement Tree code on the Pleiades supercom-
puter at NASA Ames Research Center. It uses the now-standard
ACDM model of the universe and incorporates the results of the
Planck Collaboration XXVI (2014) with cosmological parameters:
Q4,0 =0.693, Qo = 0.307, Qo = 0.048, h = 0.678, ny = 0.96,
and o g = 0.823. These cosmological parameters are compatible
with the latest Planck results (Planck Collaboration XIII 2016).
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Figure 1. A cosmic wall and dark matter haloes visualized in the Bolshoi—Planck simulation. The SpineWeb method (Aragén-Calvo et al. 2010) uses Voronoi
tessellation and the discrete watershed transform method to group the cosmic web environment of the z = 0 Bolshoi—Planck simulation into cosmic voids,
walls, and filaments. Here, we see three views of a wall visualized in green with nearby dark matter haloes shown as white spheres, where the radii of the
spheres corresponds to the virial radii of the haloes. The two Milky Way mass haloes near the centre of the wall are shown in red. The nearby cosmic filaments,

including those bounding the wall, are shown in teal.

We use the ROCKSTAR (Robust Overdensity Calculation using K-
Space Topologically Adaptive Refinement) halo finder (Behroozi
et al. 2013a) to identify dark matter haloes in the Bolshoi—
Planck simulation. ROCKSTAR is based on the adaptive hierar-
chical refinement of friends-of-friends groups of particles in six
phase-space dimensions plus time. CONSISTENT TREES (Behroozi
et al. 2013b) generates merger trees and halo catalogues in a
way that ensures consistency of halo mass, position, and veloc-
ity across time-steps. This allows it to repair inconsistencies in
halo catalogues, and add further information to properties found by
ROCKSTAR.!

Out of the many halo properties found by ROCKSTAR and CONSIS-
TENT TREES (Rodriguez-Puebla et al. 2016), the main dark matter
halo properties that we study are

(i) Specific mass accretion rate (dynamical time averaged)
M., /M

(i) NFW concentration Cnpw

(iii) Spin parameter A

(iv) Prolateness P

(v) Scale factor of the last major merger apym

(vi) Scale factor when the halo had half of its z = 0 mass ay, n

The halo mass accretion rates averaged over a dynamical time
are defined as

. _ dAlVir _ MVir(t) - MVir(t - ldyn)
Tdyn dr an -

; ey

tdyn

where the dynamical time of the halo is f4y,(2) =

[GAm(z)pm(z)]*%, pm(z) is the mean matter density at red-
shift z, and A;(z) is the redshift-dependent virial overdensity (see
e.g. Rodriguez-Puebla et al. 2016, fig. 2).

N-body simulations have shown that the density profile of most
dark matter haloes can be described by the Navarro, Frank & White

TROCKSTAR halo catalogues and CONSISTENT TREES merger trees used here
are available at http://hipacc.ucsc.edu/Bolshoi/MergerTrees.html, and FOF
and BDM halo catalogues are available at https://www.cosmosim.org/cms
/simulations/multidark- project/.

(Navarro, Frenk & White 1996) profile:

4ps
(r/R)(A +r/R)?

where the scale radius Ry is the radius where the logarithmic slope
of the density profile is —2. The concentration parameter is defined
as the ratio between the virial radius R,; and the scale radius R:

Rvir
Ry’

Lee et al. (2017b) studied haloes that has suffered significant mass-

loss due either to tidal stripping or to relaxation after mergers, and it

shows that some such haloes are not well described by equation (2).
The halo spin parameter (Bullock et al. 2001) is defined as

J
\//EIVIvir‘/vir]Qvir’

where J is the total angular momentum of a halo of mass M,;,, virial
velocity Vi, and virial radius R,;. Lee et al. (2017a) showed that
the dependence of Ag on density is similar to that of the Peebles
spin parameter (Peebles 1969):
J | E ‘ 1/2

Ap = M (%)

The prolateness of the spheroidal dark matter halo (Lee et al.
2017a) is defined as

[ 0]

where a > b > c are the lengths of the largest, second largest, and
smallest triaxial ellipsoid axes, respectively, determined using the
weighted inertia tensor method of Allgood et al. (2006). The pro-
lateness of the simulated haloes ranges from 0 (perfectly spherical)
to 1 (maximally elongated, i.e. a needle), with most falling in the
range 0.2-0.6 (Lee et al. 2017a).

@)

PNEw(r) =

©)

Cnrw =

AB “4)

2.2 Density and cosmic web definition

Lee et al. (2017a) implemented a Gaussian smoothing procedure
to compute the dark matter density of the full simulation volume
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Figure 2. Halo properties in all web environments (purple medians and yellow dispersion), small walls (blue medians), and voids (grey medians) as a function
of density, where p, is density used on that smoothing scale. Left fo right: The columns have been split into four mass bins of logioMyir/M o = 11.20 & 0.375,
11.95 £ 0.375, 12.70 & 0.375, and 13.45 £ 0.375, with density smoothing scales of p, in these mass bins as 1, 2, 4, and 8 h! Mpc, respectively. The
smoothing scale in each mass bin was chosen so that it is much larger than the haloes in that mass bin, so that the surrounding environment rather than
the halo itself mainly determines the density value. Top to bottom: The median distribution of specific mass accretion rate, Ag, and Cnpw are plotted versus
density in the four mass bins. For these properties, we are following the plots in fig. 5 of Lee et al. (2017a), with the additional step of grouping the haloes
into all environments, small walls, and voids via the SpineWeb method of Aragén-Calvo et al. (2010). This allows us to study the median halo properties
in the different cosmic web environments. We calculated the median using the moving median method, where we ranked the halo properties according to
their density, and calculated the median halo property of a number of haloes as we move towards higher density across each sub-plot. The thick yellow band
represents the 5th—95th percentile dispersion of the median of each halo property for all environments. This confidence interval for each halo property is given
by 5 £ 1.96ﬁ F 1, approximated from the binomial distribution, where n is the number of haloes in each bin. Within each sub-plot, we used plot lines and
scatter plots to represent the median halo distribution. We note that for all these median plots, the halo properties seem unaffected by the cosmic environment
(although there are some tiny fluctuations), and they seem to be controlled instead by the local density. Lastly, we note that for the specific mass accretion rate,
in the two lowest mass bins, only haloes in filaments at high densities are losing mass, as indicated by the negative value range of 0 to —5. Haloes at lower
densities in filaments, walls, and voids appear to be mainly accreting mass, as indicated by their positive values. The median plots here are for haloes in all
environments, small walls, and voids only. In the appendix, Fig. B2 shows the same data as this figure, but with filament radius D = 0.75h~" Mpc instead of
D =0.25h~" Mpc used here.

smoothed on many different length scales. They convolved the 0.25 their locations in the simulation volume. The smoothing scale in
h~! Mpc cloud-in-cell (CIC) density cube with a one-dimensional the figures is chosen to be much larger than the virial radii of the
Gaussian kernel applied sequentially along each axis (x, y, z), and haloes of the corresponding halo mass bins. The smoothing scales in
smoothed the box on scales of 0.5, 1, 2,4, 8, and 16 4! Mpc. Then halo mass bins of log,oM,i;/M@ = 11.20 £ 0.375, 11.95 £ 0.375,
they added to the information on each halo in the ROCKSTAR halo 12.70 & 0.375, and 13.45 + 0.375 were 1, 2, 4, and 8 h~! Mpc,
catalogue the CIC and smoothed density values corresponding to respectively.
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Figure 3. Halo properties in all web environments, small walls, and voids as a function of density. Left to right: The columns have been split into four mass
bins with corresponding smoothing scales, as in Fig. 2. Top to bottom: The median distribution of prolateness P, scale factor of last major merger apyvm, and
the scale factor when the halo had half of its z = 0 mass ay, , are compared with density in different mass bins. For these properties, we are following the
plots in figs 9 and 10 of Lee et al. (2017a), with the additional step of dividing the haloes into different cosmic web environments. While these figures in Lee
et al. plotted the properties using percentile binning, we instead used the same method as in fig. 5 of Lee et al. in order to see better the different environmental
effects on these properties. The median plots here are for haloes in all environments, small walls, and voids only. In the appendix, Figs Al and A2 show similar

plots of median properties in walls of different sizes.

We used two different methods applied to the density field to
delineate the cosmic web:

(1) SpineWeb (Aragén-Calvo et al. 2010) for filaments, walls,
and small voids (MedianRadiusyeq ~ 4.75 h~! Mpc)

(i) VIDE (Sutter et al. 2015), which finds larger voids
(MedianRadiusy,q ~ 12.5 A~' Mpc),

where MedianRadiusyyiq is the median radius of all the voids in
the simulation via the two different methods.

Aragén-Calvo et al. (2010) implemented SpineWeb using the Wa-
tershed Void Finder (Platen, van de Weygaert & Jones 2007) and
the topology of the density field to split the cosmic web environ-
ment of a simulation into voids, walls, and filaments. SpineWeb is
a complete framework for the identification of voids, walls, and fil-
aments by using the watershed transform, in computing the Morse

complex, on the cosmic density field. The SpineWeb method in-
vokes the local adjacency properties of the boundaries defined by
the watershed segmentation of the field, where the separatrices are
classified into walls and filaments. In this procedure, the Delaunay
tessellation field estimator (DTFE) method to reconstruct the den-
sity field from the spatial particle distribution is applied, where the
DTFE procedure produces a self-adaptive volume-filling density
field on the basis of the Delaunay tessellation of the point distribu-
tion. The identification of these web environments is done on three
smoothing scales: 1, 2, and 4p71 Mpec. For the analysis here, we
only use the 2 h~! Mpc smoothing scale, where we used i = 0.678,
the value used in the Bolshoi—Planck simulation, for all analysis of
the simulations.

As McCall (2014) had measured the radius of the Local Wall as
~ 4 Mpc (2.7 h~! Mpc) with Hy =71.6 £2.9km s~ Mpc ™!, we set

MNRAS 483, 2101-2122 (2019)

610z 1snBny GO uo Jasn euozuy Jo AlsieAlun Ag L£9€0ZS/1 01 Z/Z/S8YNoBNSHe-aoIe/SeIuW/ /W02 dno dlwapeoe//:sdiy Wol) papeojuMo(]



2106 T Goh et al.

L Halos ip ALL Envil:onments

Halos in SMALL WALLS only

Halos in Voids

Small Walls
2 < Radius < 3.4 h"' Mpc —VIDE—
All Density Low Density Medium Density High Density High Density
log10 Po/Pavg < 0.3
0.2-
0.1- 1 1
0.0- ' J , J
ko] =20 0 20 =20 0 20 -20
) 2 - - -
2
©
£
e
*]
RS - -
(/)]
o
©
I
© J : — : —
3 -2.50 -1.25 0.00 -2.50 -1.25 0.00 -2.50
2 o 4 4
1 4 < 4

0.00 1.25

0.3 < log1o po/Pavg < 048

-125 0.00 -2.50 -1.25

2.50 0.00 1.25 2.50 0.00

0.8 < log10 Po/Pavg < 1.3 O 8 < log1o po/pavg <1 3

1 Mrm/ M [10’“yr"]

0 20 —20 —20 0 20

m [ '1ogm(/1',3 [1072])

000 —2.50 —125 000
log,,(Cypy)

JMK

1'25 250 000 1.5 2.50 0.00

Figure 4. Histograms of halo properties in all web env1r0nments small walls, and voids as a function of environmental density, for halo mass logioMir/M ) =
11.20 + 0.375 with p, density on the smoothing scale of 1 2~! Mpc. Left to right: In addition to plotting all densities, we also split density into three different
ranges to explore the effect of low, medium, and high densities on the halo properties, and we plot at the right the histograms for large densities in large
voids found using VIDE. Top to bottom: Specific mass accretion rate M /M, Ag, and Cnpw are compared with density in small walls (radius 2-3.4 A~' Mpc)
(in blue), voids of all sizes (grey), and environments of all sizes (orange). Ag and Cnpw follow a lognormal distribution, while the accretion rate follows a
Gaussian distribution as the variables that make up its properties are random. The curve-fitting is detailed in Fig. 6 of this paper. To create the bins, we cut off
the tail-ends of each histogram at the ranges shown above, as there are not enough haloes in the tails for meaningful statistics. Then, we split the distribution
into 40 bins per property. We note that for the accretion rate, haloes in all environments, small walls, and voids are losing mass (negative values) as well as

gaining mass (positive values) with no distinction between environments.

aradius range of 2-3.4 h~! Mpc to define walls like our Local Wall
as we look for haloes residing in such an environment. We need a
smoothing scale that encompasses enough haloes within this radius
to do meaningful statistics for small walls like our Local Wall. In
addition, we also wanted to do statistics with walls of all sizes, of
up to 9.5 ! Mpc and more, and the smoothing scale would have
to encompass enough haloes at these radii as well. As it turns out,
the best smoothing scale that gives the widest range is the 2 h~!
Mpc smoothing scale. The 4 4~' Mpc smoothing scale yielded too
few haloes at the lower wall radius bound below 4 A~! Mpc (most
of the haloes have been smoothed out). Similarly, the 1 A~' Mpc
smoothing scale yielded too few haloes for walls of radius above 6
h~! Mpc (most of the haloes had been grouped into smaller walls

MNRAS 483, 2101-2122 (2019)

instead of larger walls). With o g calculated on an 8 2~ Mpc sphere,
where the scale is close to linear at this size, a smoothing scale of
4 h~! Mpc would yield not enough rms fluctuations on the number
density of galaxies, while that of a 1 ~! Mpc would yield too many
fluctuations. Hence, as a compromise, we settled on a 2 A~' Mpc
scale to smooth the cosmic web using SpineWeb.

Using SpineWeb, Fig. 1 shows visualizations of a cosmic wall
like our Local Wall containing two Milky Way mass haloes (i.e.
with mass ~10'? M), viewed from three different directions. Here,
the white spheres are dark matter haloes and the two red spheres
represent the Milky Way mass haloes in this wall. The green dots
show the wall, and the teal spheres represent the nearby filaments,
including the filaments bounding the wall.
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Figure 5. Histograms of halo properties in all web environments, small walls, and voids as a function of density smoothed on a scale of 14~! Mpc, for halo
mass logioMvi/M© = 11.20 = 0.375. Left to right: As in Fig. 4. Top to bottom: The full distribution of prolateness P, scale factor of last major merger armwm.,
and scale factor when the halo had half of its z = 0 mass ay, , are compared with density in small walls (radius 2-3.4 h~! Mpc) (in blue), voids of all sizes
(grey), and environments of all sizes (orange). For the scale factor of the last major merger, there is no lognormal distribution, as the histogram indicates the
time when the merger occurs. There is a drop-off after 0.0 as every halo would have been formed by mergers in the early universe. However, as CONSISTENT
TREES trace the dark matter particle into the past, the tracing on the merger trees becomes unreliable for z 2> 10 or when the haloes have fewer than 50 dark
matter particles. We note that while there are some tiny deviations in the median plots of Figs 2 and 3, the full distribution here reveals that the tiny fluctuations

are negligible, and are not a result of the cosmic web environment.

The SpineWeb filaments and walls have the thickness of single
voxels, cubes of side 0.25h~! Mpc, in the Bolshoi—Planck sim-
ulation. We introduce a parameter D, the distance to filaments.
We define this as a radius around a filament, forming a cylinder
within which the haloes are defined to be within a filament. We
use D = 0.25 h~! Mpc for this paper. (We also tried D = 0.75 h™!
Mpc and we found that the results presented below are very similar.
The similarity between using D = 0.25h~! Mpcand D = 0.75 1!
Mpc is shown in Figs B1 and B2.) We similarly assign haloes to
walls that are within a distance 0.75 2~ Mpc, and not assigned to
filaments.

To find and characterize the properties of larger voids in the
Bolshoi—Planck simulation, we used the VIDE (Sutter et al. 2015)

method, which similarly calculated a Voronoi tessellation for esti-
mating the density field, and performed a watershed transform to
construct voids.

2.3 Analysis

Lee et al. (2017a) determined how halo properties including the
specific mass accretion rate, Ag, and Cnpw depend on density for
haloes in all cosmic web locations. We are extending that work by
grouping the haloes into different web environments of filaments,
walls, and voids, and studying the effects of density on halo proper-
ties in those web environments. We did not look separately for halo
properties in filaments as 62 per cent of haloes are already within
a cylindrical radius of D = 0.25h~! Mpc of the filaments, which
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Curve-fitting to specific accretion rate for all densities

Accretion Rate Median Mean Standard Model
[10-11 yr1] Deviation
SINEURVENS 1.542 2.024 2.392 Gaussian
Medium Walls 2.485 2.297 2.349 Gaussian
Large Walls 2.524 2.241 2.368 Gaussian
X-Large Walls 2.508 2.168 2.338 Gaussian
All 2.500 2.093 2.400 Gaussian
Voids 2.497 2.412 2.322 Gaussian
Curve-fitting to log1o Ag for all densities
logioAs Median Mean Standard Model
[102] Deviation
Small Walls -1.428 -1.461 0.264 Lognormal
Medium Walls -1.511 -1.463 0.262 Lognormal
Large Walls -1.481 -1.456 0.263 Lognormal
X-Large Walls -1.470 -1.461 0.263 Lognormal
All -1.457 -1.469 0.264 Lognormal
Voids -1.460 -1.506 0.268 Lognormal
Curve-fitting to log1o Cnew for all densities
logio Cnrw Median Mean Standard Model
Deviation
SINEURVENS 1.181 1.155 0.210 Lognormal
Medium Walls 1.083 1.120 0.203 Lognormal
Large Walls 1.146 1.129 0.203 Lognormal
X-Large Walls 1.168 1.137 0.205 Lognormal
All 1.154 1.147 0.206 Lognormal
Voids 1.146 1.142 0.181 Lognormal

Figure 6. Distributions of specific halo mass accretion rate M /M, spin parameter A, and NFW concentration Cxgw of haloes within < 0.75 2~ Mpc away
from walls and > 0.25 ! Mpc away from filaments. Corresponding to Fig. 4, we fitted a Gaussian distribution to the specific accretion rate, and lognormal
distributions to A and Cnpw. As a result of the similar values between the fitting parameters in different cosmic web environments (voids, walls, and all web
environments), we can conclude that the entire distribution of properties in different web environments is similar, and that the cosmic web environment does
not appear to affect the distribution of halo properties. We note that the median mass accretion rate for the small walls is lower than for other size walls; we

explore this in Fig. B1.

is to say that the haloes in all environment is dominated by those in
filaments. Doing a separate analysis for haloes in filaments would
not change the conclusion that we will show later in this paper.
Instead, we analysed the haloes separated into these three cosmic
environments: all web environments, walls, and voids.

Note that we used the exact same haloes as Lee et al. (2017a),
where high-mass haloes were randomly removed in each mass bin
in order to remove dependence of density on mass and get a flat
mass distribution in each mass bin. This was done so that the halo
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properties would be dependent on density alone. Our results below
show the effects of web location and density on haloes of the same
mass.

3 RESULTS
We split the presentation of the results into two subsections:

(i) General results: We look at the halo properties of dark matter
haloes across all filaments, walls, and voids. The results here can
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Figure 7. Standard deviation and mean of the Gaussian distribution of the
specific mass accretion rate M /M as a function of environment. The dotted
line refers to the distribution under gradual increase in size of the walls.
The random walk would seem to indicate that the sizes of walls has no
effect on the distribution of the halo property and the close values of the
parameters would indicate that different web environments have little effect
on the distribution as well.
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Dot product between the angular momentum(w) vector and the vector
orthogonal to the plane of the wall

Figure 8. The cumulative distribution of the angle between the angular
momentum vector (@) of wall haloes and a vector orthogonal to the plane
of the wall, shown in blue. We additionally show a flat distribution for
comparison in orange. The dot product of a @ vector in the plane of the
wall with a vector orthogonal to the plane will be 0. We see that most of
the haloes make a large angle/small dot product with their @ vector and the
vector orthogonal to the plane of the wall, as evidenced by the dot product
at 45° ~0.707 (the vertical red line), showing that about 80 per cent of the
haloes have angular momentum vectors within 45° of the plane of the wall.
To compute the mean angle that all the haloes make with their w vector and
the plane of the wall, we first computed the mean dot product for all 1099
dark matter haloes with their respective perpendicular vector to wall. This
mean dot product is 0.45, which indicates a mean angle of 30° that the w
vector makes with the plane of the wall. Our results are consistent with those
of Aragén-Calvo et al. (2010).
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be generalized across all distinct haloes and are not confined to just
those of our own Local Wall.

(i) Local Wall results: We then go on to look in more details at
walls, in particular walls like our Local Wall, as we are particularly
interested to see if haloes in walls like our own Local Wall have
properties different from other web environments.

3.1 General results
For the general results, we will be looking at the following:

(1) The plots of median distributions of halo properties in different
cosmic web environments by the SpineWeb method.

(ii) The histograms of the full distribution of these halo properties
in different cosmic web environments by the SpineWeb method.

(iii) The halo properties in larger walls found using the VIDE
code.

3.1.1 Plots of SpineWeb halo properties

In Figs 2 and 3, we present the plots of halo properties (specific
mass accretion rate, spin parameter, NFW concentration, prolate-
ness, scale factor at last major merger, and the half mass scale
factor) against density for haloes in all types of environment, in
small (2-3.4h~! Mpc) walls, and in voids of all sizes, across vari-
ous dark matter halo mass bins. We define ‘small’ walls as having
size 2-3.4h~! Mpc in order to determine properties of haloes of
walls like our Local Wall, as McCall (2014) has found the edge
of our Local Wall to be at an ~2.7 -~ Mpc radius ring (filament)
of large galaxies. The effects of larger walls on halo properties
are found in the appendix. The density in all cosmic environments
ranges from logyp po/pave = —0.5 to 2.

It should be noted that only the first two smaller mass bins yielded
enough haloes to allow meaningful statistical interpretation, partic-
ularly for the case of voids where the two higher mass bins yielded
few haloes, with the highest mass bin having almost no haloes in
voids.

To balance each mass bin to have a flat mass—density relation,
Lee et al. (2017a) did a two-dimensional sub-binning by halo mass
and a given local density parameter for each given mass bin, then
randomly eliminated haloes from appropriate sub-bins to force ap-
proximately equivalent mass distributions for each density sub-bin.
We used the haloes in these mass bins, and then plotted the me-
dian of each halo property as a function of density for each mass
bin.

In addition, we show the lower and upper bound on the 95 per cent
confidence interval of the median, which can be seen in the plots
as the thick yellow band. Moreover, we performed a smoothing
for the plots using the moving median, where we took the me-
dian value of the halo properties at every few points as we move
from left to right across the density axis, in order to remove
noise.

We see some tiny deviations of halo properties in the different
web location of all environments, walls, and voids, particularly as
the log-density increases from 0.5 onwards. For example, in Fig. 2,
we see that the accretion rate in voids appears to fall below that
in all environments around log-density = 0.8. Conversely, we see
that for NFW concentration, the haloes in voids appear to have
a larger concentration than those in all environments. However,
these deviations could be misleading, particularly because there are
fewer haloes towards the high-density end of each plot, especially
for voids. As a result, the deviations could have just arisen due to
insufficient data. In order to see if there is any effect that the cosmic
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Radius Cut
+
Must have at least 1
Halo within the stated
Mass Range

Pair Cut
(it must occur in
Pairs)

Halos away from
filaments
+
Halo separated from
each other by
0.47 h-' Mpc

Halos near the centre
of their walls

Figure 9. Flowchart of the cuts made to find halo pairs like the Milky Way Galaxy and Andromeda. Our Local Wall is found to have a radius of 2.7 1~ Mpc,
while the masses of our Milky Way Galaxy and Andromeda are thought to be about 0.8—1.2 x 10'> M. The cosmic density of the local (~10 Mpc radius)
environment is approximately equal to the average density of the universe (Klypin et al. 2015). By using the haloes of Lee et al. (2017a), we found the density
of the walls to be 1.02, 1.35, and 1.75, respectively, for small haloes, medium haloes, and large haloes, all calculated with the p, density on the smoothing
scale of 8 h~! Mpc. As SpineWeb assigns walls that are only a voxel thick (corresponding to only 0.25 ! Mpc), we set a structural reassignment criterion
of assigning haloes to walls if they are >0.25 2~ Mpc from filaments to more accurately reflect criteria found in surveys. Second to last, we wanted the wall
to contain a pair of dark matter haloes (Milky Way + Andromeda), whose distance is less than about 0.47 2~! Mpc apart. We are left with 6 walls out of an
initial 19 282 Walls, which give us 0.06 per cent of all walls in the Bolshoi—Planck, which are similar to our Local Wall. This makes configurations like our
Local Wall very rare. In addition, when we looked closely at these 6 walls/12 haloes, we found that 2 of the haloes were actually sub-haloes. There are thus
only 5 walls/10 haloes left in the Bolshoi—Planck simulation whose properties are like those of the Local Wall. Lastly, if we further used the map of McCall
(2014) to restrict haloes to the centre of their walls like our Local Wall, we end up with just 3 walls/6 haloes left, which gives us 0.03 per cent of all walls in

the Bolshoi—Planck simulation.
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Figure 10. Histograms of halo properties in all web environments and small walls as a function of environmental density, for halo mass logioMyir/M =
11.95 + 0.375 with p, density on the smoothing scale of 8 4~' Mpc. Left to right: In addition to plotting all densities, we also split density into four different
ranges to explore the effect of low, medium, high, and extra-high densities on the halo properties. The six vertical green dotted lines (<1.75 2~! Mpc from the
centre of mass of the walls) along with four vertical blue dashed lines (otherwise) make up the 10 haloes most like our own Milky Way Galaxy and Andromeda.
Top to bottom: Specific accretion rate M /M, Ag, and Cnpw are compared with density in small walls (radius 2-3.4 h~! Mpc) (in blue) and environments of all
sizes (orange). Unlike the histograms of Figs 4 and 5, we did not plot the halo properties in voids here as there are too few haloes in voids at the stated mass
range calculated at the stated smoothing scale to do meaningful statistics: the number of haloes in voids in all density ranges here is just 59, while the number
of haloes in all environment in the same density range is 74 121, while that of walls is 2401. It should be noted these numbers in the all density range refer to
haloes in their respective environments after cuts made to their masses (logioMyir/M e = 11.95 £ 0.375), after cuts made to the radius of the wall (2-3.4 h~!
Mpc), after cuts made to being away from filament (>0.25~"), and after cuts of reassigning haloes further away in voids to walls instead (>0.75A~" from
walls). The first 3 cuts correspond to the first 3 criteria found in Section 3.2.2, and while we used <0.75h~! Mpc for haloes distance to walls to split the
environment in the histograms, we did not use this criterion for haloes in our Local Wall (the vertical lines), as we wanted to look for haloes exactly in the
plane of the wall there (McCall 2014). Also unlike the histograms of Figs 4 and 5, the histograms here are not logged, due to the low overall density of haloes
measured at this smoothing scale. The histograms here corresponds to the mass range in the second column of Fig. 2, although it is calculated at the smoothing
scale of 8 A~ Mpc, and not 2 h~! Mpc of Fig. 2. After additional cuts made to the number of haloes listed as items v—vii in Section 3.2.2, we found 10 haloes
that are like those of the Milky Way Galaxy and Andromeda (the methods that we used to select them are found in full in 3.2.2, and illustrated with a flowchart
in Fig. 9), which we have illustrated above as blue dotted lines. We note here that these 10 haloes fall roughly in the median of these histograms with known
Gaussian (M /M) and lognormal distributions (Ag and Cxrw ), indicating that these halo properties of the Milky Way galaxy and Andromeda in our Local Wall
are not peculiar.

web environment has on these properties, we need to look at the full are for the geometric environments of small walls (2-3.4 h~! Mpc),
distributions, instead of the medians, where some of the information filaments, and voids, as we are interested in knowing whether our
might have been smoothed away. For these full histograms, see own Local Wall has any peculiarity affecting these halo properties.
Figs 4 and 5. It should be stressed that the wall results in Figs 2-5 These figures are discussed further in Section 3.2.2.
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In order to account for halo properties in different-sized walls,
we made similar plots for walls of different sizes in Figs A1 and A2
in the appendix. For the different-sized walls, we see that

(i) small walls (2-3.4 h~! Mpc),

(ii) medium walls (3.4-6.8 h~! Mpce),
(iii) large walls (6.8-9.5 h~! Mpc),
(iv) extra-large walls (> 9.5 2~ Mpc),

where the number of haloes per wall that we ended up analysing
is 27405, 8185, 1910, and 324, respectively, the halo properties
mainly fall within the lower and upper bound on the 95 per cent
confidence interval of the median. For the full distribution of halo
properties, we refer to the histograms of all walls in Figs A3 and
A4 in the appendix. We note that there do not appear to be any
real deviations in halo properties between the different-sized walls
when compared in the same mass bin. Thus, we find that halo
properties in all web environments, small walls, and voids are es-
sentially the same for walls of all sizes at the same environmental
density.

3.1.2 Histograms of SpineWeb halo properties

In addition to the median distribution plotted in Figs 2 and 3, we
also studied the full distribution of the halo properties. In Figs 4 and
5, we present the histograms of these full distributions of the halo
properties in small walls, voids, and all environments. We split the
histograms up into regions of low to high density in order to study
the overall effect of densities on the distribution. As there are not
enough haloes in the tails of the histogram for meaningful statistics,
we concentrate on the peak of the full distribution by cutting cut off
the tails of each histogram in the range of the x-axis shown in the
diagrams. We then split each range into 40 bins. The density ranges
from log006/pave = —0.5 t0 2.

To see the real limitation of the median plots of Figs 2 and 3, we
shall point out that the entire y-axis range of —5to 5 x 107 yr~!
for the specific mass accretion rate of Fig. 2 fits into just the median
10 bins out of 40 bins of the full distribution of the accretion rate
of Fig. 4. This full distribution of the specific mass accretion rate,
as well as for the other halo properties of Ag and Cnpw, shows
us that any tiny deviations that arise out of the differences in the
distribution of halo properties in filaments, small walls, and voids
are almost entirely negligible.

To quantify this, we made curve-fitting plots for the specific mass
accretion rate M /M, Ag, and Cnpw. In Fig. 6, we fitted the accretion
rate to a Gaussian distribution, and Ag and Cngw to lognormal
distributions (as in Rodriguez-Puebla et al. 2016).

In order to create a curve through our data points, we took
the y-axis quantity of each halo property bin and treated that as
a scattered point through which we drew a data curve. We then
obtained the modelled curve via NUMPY CurveFit, where the best-
fitting parameters (mean and standard deviation) were acquired
by getting the best-fitting curve (the model) given the histogram
(our data).

In Fig. 7, we plotted the standard deviation and mean of the
specific mass accretion rate M /M in various cosmic environments.
The dotted line in the plot shows the distribution under gradual
increase in size of the walls, and while these parameters for walls
appear to be sandwiched between those for voids and all cosmic
web environments, the effect on the general Gaussian distribution
of the histogram of M /M is tiny, showing that the cosmic web
environment has little effect on this halo property.

MNRAS 483, 2101-2122 (2019)

As aresult of the similar values between the fitting parameters in
different cosmic web environments (voids, walls, and all web envi-
ronments), we can conclude that the entire distribution of properties
in different web environments is similar, and that the cosmic envi-
ronment does not appear to affect the distribution of halo properties
that we studied.

3.1.3 Void halo properties using VIDE

The SpineWeb method splits the simulation into voids that are
mostly rather small, with an average void radius of ~5 Mpc. For
large voids, we used the VIDE method (Sutter et al. 2015), where the
voids are similar in size to those found by VIDE on SDSS Release
9. With this VIDE method, the average void radius is ~13 Mpc.
In the last column of Figs 4 and 5, we find that even with these
larger voids, the histograms with various sized walls remain similar
to those with smaller voids using the SpineWeb method. We note
that the larger voids of VIDE can host more haloes, and as a result
their full distribution void histograms are less fragmented than those
using SpineWeb on smaller sized walls. We find that using the VIDE
method produces histograms of properties that are a closer fit with
one another across different cosmic web environments than using
the SpineWeb method. For example, in Fig. 3, we note that the
haloes in voids appear to produce a higher prolateness in the first
and second mass bin. We note that for the full distribution of the
histogram of prolateness in Fig. 5, the prolateness of haloes in
voids is less than the haloes in all environment and walls. We also
note that with our D = 0.25h~' Mpc filament radius parameter,
haloes in voids only account for 2 per cent of all haloes. However,
using the VIDE method we obtain larger voids and 30 percent of
haloes reside in them. We see the result of this higher percentage in
the last column of Fig. 5, where there are no differences between
the prolateness of haloes in all environments, walls, and voids.
Hence, we conclude that for full distribution using the VIDE method,
the cosmic web environment does not significantly affect the halo
properties.

3.2 Local Wall

3.2.1 Angular momentum orientation in local walls

Aragon-Calvo & Szalay (2013) have found that the SpineWeb
method produced dark matter haloes in walls whose angular mo-
mentum axes lie close to the plane of the wall. We wanted to check
that this property still holds true when the SpineWeb is applied to
the Bolshoi—Planck simulation. To verify this, we first look for walls
like our own Local Wall by applying the following cuts to the initial
19281 walls of the Bolshoi—Planck simulation:

(i) Radius (wall): 2-3.4 h~! Mpc
(ii) Mass (haloes): 0.7—1.3 x 10'? Mg
(iii) Distance of halo to filaments: >0.25 =" Mpc

It should be noted that these three cuts do not include a require-
ment that wall haloes be <0.75h~! Mpc away from walls, which
is a criterion we used elsewhere in the paper to group haloes to
different environment. We did not use this criteria in the analysis of
the Local Wall as we wanted to look for haloes exactly in the plane
of the wall here (McCall 2014).

These three criteria above bring the number of walls down to
594, and the number of dark matter haloes in these walls down to
702. The first two cuts give us the haloes the size of the Milky Way
in a wall the size of our Local Wall. The remaining cut (iii) is used
throughout this paper as part of the criteria to assign haloes to their
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respective walls, as SpineWeb only assigns haloes to filaments and
walls that are 0.25 h~! Mpc thick around the haloes (as the size of
a voxel by SpineWeb is only 0.25 ~~! Mpc on each side), although
the length and planar dimensions are much longer and larger. By
setting the distance of halo to filaments to be >0.25 2~! Mpc, we are
using assignment criteria that more accurately reflects the cosmic
environment found in surveys in terms of locating wall haloes away
from filaments, while keeping those haloes located exactly in the
voxels of their wall. Using the distance of halo to filaments to be
>0.25 h~! Mpc has the additional effect of pre-selecting haloes to
lie closer to the centre of their walls for small walls, as >0.25 7~
Mpc is large compared with the radii 2-3.4 4~' Mpc of small walls.
However, these haloes in the wall might still be too close to filaments
if we just set the distance of halo to filaments to be just >0.25 7~
Mpc, so we explored limiting the calculation of angular momentum
to just the centre of these walls in Appendix C, and the results we
found there are qualitatively similar to the results we will show later
in this section.

These three cuts in this section give us enough walls (594) to still
do meaningful statistics. For the 594 walls that are similar enough
to our Local Wall, to determine whether the angular momenta w of
these dark matter haloes in the walls lie within the plane of those
wall, we applied the following procedure:

(1) We found a pair of nearby vectors that lie in a locally flat
region around the dark matter halo, by choosing the few pixels
closest to the halo that are in the plane of the wall and drawing a
line between those pixels to form a vector.

(ii) The cross product of these vectors is orthogonal to the plane
of the wall.

(iii) Finally, we calculated the dot product between this orthog-
onal vector and the w vector.

If w vector were lying exactly in the plane of the wall, then its
dot product with the orthogonal vector should be 0. We expect the
angular momentum to lie close to the plane of the wall, so the angle
that the w vector makes with the plane of the wall should be less
than 45°, and the angle that it makes with the orthogonal vector
should be more than 45° (their dot product tending towards O in
Fig. 8). We applied the above dot product procedure to all the dark
matter haloes that are near the centres of those 594 walls. Fig. 8
shows the cumulative distribution of these angles. Then we took the
mean of those dot products, and obtained the following results:

(i) Of all dark matter haloes near the centres of 594 walls, the
mean of the dot products between their w vector and the orthogonal
vector = 0.452. [When calculating these orthogonal vectors to the
wall, we calculated using 160, 80, and then 20 voxels around the
dark matter haloes. Correspondingly, for these numbers of voxels
around the haloes, we found the dot product (via the method stated
above) to be 0.4544, 0.4524, and 0.4523, which is to say that there
is no significant changes when using different sets of neighbouring
voxels.]

(ii) As a result, the mean angle (w vector) = ~60° to the vector
that is orthogonal to the wall.

(iii) The mean angle of w vector with respect to the plane wall is
~30°.

We can see these results visualized in the cumulative distribution
of dot products (between the @ vector and the orthogonal vector)
in Fig. 8. The orange dots are an idealized flat distribution of dot
products, with the true cumulative distribution represented in blue.
We can see that 50 per cent of the haloes corresponds to the mean dot
product of ~0.45, which is ~30° to the plane of the wall. Moreover,

if the w vector were lying at ~45° to plane of the wall, then its dot
product with the orthogonal vector will be %, or 0.707, as indicated
in the figure by the vertical red dotted line. This corresponds to
nearly 80 per cent of all haloes making an angle of less than ~45°
with the plane of the wall. It should be noted, however, that for a
perfectly flat, isotropic distribution, 71 per cent of all haloes would
have angles smaller than 45°, and the mean angle with respect to
the wall would be 33°.

Hence, our results here confirm that for walls similar to our own
Local Wall, using the SpineWeb method, the mean angle between
the halo angular momentum and the plane of the wall is about 30
deg, i.e. haloes have a slight tendency to align in the direction of
their angular momentum with the plane of the wall, although the
dispersion is high.

3.2.2 Halo properties in the local walls

McCall (2014) found that our Milky Way Galaxy and the An-
dromeda Galaxy lie near the centre of a wall of ~4 Mpc in radius.
By grouping haloes in the z = 0 Bolshoi—Planck simulation into
filaments, walls, and voids, we can look for walls that most closely
resemble our own Local Wall and study the properties of the haloes
residing in such walls. If our own Local Wall has special halo prop-
erties, that is, if the halo properties in such Local Wall do not fall
generally within the median of their known distribution, then that
would suggest that the near-field cosmology of our own Local Group
is peculiar. The properties that we can find observationally of the
Milky Way and its dark matter halo could not then be generalized
for all galaxies and their halo companions.

To find walls like our own with the Milky Way and Andromeda
galaxies in it, we performed the following cuts (with & = 0.7):

(i) Radius (wall): 2-3.4 h~! Mpc

(ii) Mass (haloes): 0.7-1.3 x 10'> Mg

(iii) Distance (halo to filament): > 0.25 2~ Mpc

(iv) Density (wall): 0.8—1.2 x average cosmic density
(v) Must occur in pairs of distinct haloes

(vi) Distance (between pairs): <0.47 h~! Mpc

(vii) Distance from centre of wall: <1.75h~" Mpc

The first three items were used in Section 3.2.1 when we were
determining the angular momentum. For this section, we extended
these three cuts to include cosmic density (based on a survey of
galaxies in the local region within about 10 Mpc (Klypin et al.
2015), and that the pair of haloes in the wall must be within 0.7 Mpc
of each other, just like in our Local Wall. We present a flowchart
of the different cuts we made to the simulation in Fig. 9. From
an initial 19281 walls, we are left with just 6 walls/12 haloes that
most resemble our Local Wall. On closer inspection, 2 of the haloes
were really just sub-haloes of a group, unlike the Milky Way and
Andromeda galaxies which are in separate distinct haloes (being
distinct means that though they are gravitationally bound together,
their virial radii do not overlap). So we end up with just 5 walls/10
haloes. We took these remaining 10 haloes that are most like our
own Milky Way and Andromeda, and then further limit them to the
centre of their walls, as mapped out by McCall (2014). This gives
us just 3 walls/6 haloes that are like ours in the Local Wall. Hence,
we conclude that our Local Wall accounts for only 0.03 per cent of
all walls in the Bolshoi—Planck simulation.

We note here that although we had put in several constraints to
find walls like our own with the Milky Way Galaxy and Andromeda
in it, our Local Wall does not need so many restrictions for it to be
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Figure 11. Histograms of halo properties in all web environments and small walls as a function of density smoothed on a scale of 8 4~' Mpc, for halo mass
logmMViJMQ =11.95 £ 0.375. Left to right: As in Fig. 10. Top to bottom: The distribution of prolateness P, scale factor of last major merger ar vm, and scale
factor when the halo had half of its z = 0 mass ay, ,, are compared with density in small walls (radius 2-3.4 h~! Mpc) (in blue) and environments of all sizes
(orange). The histograms here corresponds to the second column of Fig. 3, although it is calculated at the smoothing scale of 8 #~! Mpc, and not 2 h~' Mpc of
Fig. 3. Like the histograms of Fig. 10, the density range here of 0.8 < p/pavg < 1.2 corresponds to the average cosmic density (Klypin et al. 2015). We note
that across all the different density bins, there is a general agreement in the distribution of halo properties between haloes in all environment, and haloes in
walls. There appears to be a slight discrepancy for the low-density range of ps/pavg < 0.8, but this is due to the small number of haloes in walls at this range
for good meaningful statistics: there are only 146 haloes in walls, while there are 13 631 haloes in all environment at the same range. For the other density
ranges, there is a good agreement of properties across the different web environments. In the average cosmic density range of 0.8 < ps/pavg < 1.2, we found
10 haloes that are most like those of the Milky Way Galaxy and Andromeda, which we illustrated with green dotted lines (near centre of wall) and blue dashed
lines (otherwise). The halo properties here do not fall along a median as those in Fig. 10, as the properties here (P, apmm and ayy, /2) are not known to follow
any particular distribution, while those in the preceding histograms do (M /M follows a Gaussian distribution, while both Ag, and Cxpw follow a lognormal
distribution). Here, we see that the properties of the 10 haloes most like our Milky Way galaxy and Andromeda are randomly placed, again indicating that
these haloes properties of the Milky Way galaxy and Andromeda in our Local Wall are not peculiar.

considered rare, as most of the ~12 million haloes do not reside in halo within the stated mass range’, this percentage plummets even
walls; indeed, only ~3 million are in walls as haloes are mainly in further, with only 329 haloes in walls like out Local Wall within
filaments. Moreover, most haloes are not found in the density range the cosmic density range considered. The percentage of haloes out
of 0.8—1.2 times the volume-averaged cosmic density. Looking at of initial haloes at this cut is much less than 1 per cent. At this
Fig. 9, just by using this density cut, we can see that out of the point, we could already conclude that our Local Wall is quite rare
initial ~12 million haloes, we are left with only ~1.5 million in this even without considering the other criteria that further reduce this
cosmic density range. This would mean that fewer than 12 per cent percentage, albeit less dramatically.

of all haloes reside in walls like our Local Wall. When we move For the 3 walls/6 haloes whose environments are most like that of
to the next criterion in Fig. 9, ‘radius cut + must have at least 1 our own Local Wall, we study their halo properties. In Figs 10 and
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11, we looked at the distribution of halo properties in histograms of
haloes of the mass log oM,i; = 11.95 £ 0.375 (~mass of our Milky
Way galaxy’s dark matter halo), in small walls the size of the Local
Group wall and calculated at the smoothing scale of p, = 84~!
Mpc where the average cosmic density is ~1 (Klypin et al. 2015).

We drew six vertical dotted green lines to indicate where the
halo properties of these 3 walls/6 haloes fall within the histogram.
We also took a step backwards in the cut of haloes in Local Walls
and added in the vertical blue dashed lines of 4 haloes to make
up the 5 walls/10 haloes (that is, we do not restrict the haloes to
just being in the centre of their walls) to provide more informa-
tion on the distribution of the halo properties in environments like
our Local Wall. We note that these halo properties fall around the
median of each histogram with known distribution (Gaussian for
the specific mass accretion rate, and approximately lognormal dis-
tributions (Rodriguez-Puebla et al. 2016) for g and Cnpw), while
they fall randomly in histograms with no known distribution (ap s,
Prolateness, and ay, ,). Thus, the presence of haloes in walls like
our Local Wall does not seem to affect the properties we studied.
Hence, we conclude that although our own Local Group environ-
ment is somewhat special, it has no effect on the halo properties we
have examined except for the orientation of halo angular momenta
(Section 3.2.1).

4 SUMMARY AND CONCLUSION

We found in this paper that at a given environmental density, the
different cosmic web environment of filaments, walls and voids
does not have significant effects on any of the halo properties that
we studied at z = 0: the halo mass accretion rate (dynamical time
averaged) M, ./ M, spin parameter Ag, NFW concentration Cnrw,
prolateness P,lscale factor of the last major merger apmm, and scale
factor when the halo had half of its z = 0 mass ay,,. That is,
the different locations of the cosmic web environment do not af-
fect these core halo properties for haloes of the same mass and
at the same environmental density, which is similar to the results
of Romano-Diaz et al. (2017). We find that these halo properties
are instead determined by the local environmental density of the
halo.

In addition, we found that even though the presence of galax-
ies as massive as the Milky Way and Andromeda Galaxy near
the centres of walls as small as our Local Wall is quite rare
(0.03 percent of all walls), it nevertheless appears to have essen-
tially no effect on the halo properties that we studied. We also found
that the angular momentum of haloes in walls tends to lie within
about 30° of the walls, in agreement with Aragon-Calvo & Szalay
(2013).

Our results in this paper are consistent with observational evi-
dence of Yan et al. (2013), where the properties of galaxies at a
given environmental density in the Sloan Digital Sky Survey do
not depend on the cosmic web location, although as mentioned in
Section 1 there are other authors who have found differences in
galaxies in different cosmic web environments even at the same
density, especially at higher redshifts.

It would be interesting to look at other halo properties in the
Bolshoi—Planck or other simulations, to see if the web environment
has any effects on them at constant density. In addition, it would
also be interesting to look at halo properties at earlier time-steps
z > 0. Lastly, it would also be interesting to examine galaxies in
hydrodynamic simulations to see whether the galaxies have cosmic
web dependences at fixed environmental density, unlike our results
regarding dark matter haloes.
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Halos in WALLS only

APPENDIX A: WALLS OF ALL SIZES

This appendix contains figures that supplement those in the text.
Like Figs 2 and 3, Figs Al and A2 show the median halo properties
in different cosmic environments, but now in walls of different
sizes, ranging from small (2-3.4 ="' Mpc) to extremely large (>
9.5h~! Mpc). We see that the halo properties are similar across
walls of various sizes, indicating that the size of the walls does not
affect those properties. They appear to be only affected by the local
environmental density. Similarly, like Figs 4 and 5, Figs A3 and
A4 show the full distribution of halo properties in different cosmic
environments, but again in walls of different sizes. Again, we do not
see a difference in distribution of halo properties due to the sizes of
the walls.
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Figure A1. Halo properties in all-sized walls as a function of density. Left to right: The columns represent four mass bins with corresponding smoothing
scales, as in Fig. 2. Top to bottom: The median distribution of specific halo mass accretion rate M /M, spin parameter A, and concentration Cxpw are plotted
versus density in different mass bins across different-sized walls. The scatter plots in green to blue shading are the median halo properties corresponding to
walls of different sizes. We split the walls up into different sizes because we are most interested in small (2-3.4 2! Mpc) walls, as that corresponds to the
size of our Local Wall (McCall 2014). These scatter plots fall within the thick yellow band, which represents the 5th-95th percentile dispersion of the median
of each halo property in all web environments. The right tail-end of each sub-plot has the fewest haloes, and any differences at these tail-ends between the
different-sized walls are not statistically significant. Results: We note that only the first two mass bins/columns have sufficient median haloes in all walls for
meaningful results. We see that although there are tiny deviations, the halo properties do not appear to be affected on the whole by different-sized walls, but
are affected by increasing density. This is analogous to the results of Fig. 2, where we looked at halo properties across different web environments including
small walls. Similar to Fig. 2, the horizontal blue dotted line in the specific accretion rate plots separates the haloes gaining and losing mass.
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Figure A2. Halo properties in all-sized walls as a function of density. Left to right: The columns represent four mass bins with corresponding smoothing
scales, as in Fig. 2. Top to bottom: The median distribution of prolateness, scale factor of last major merger, and scale factor when the halo had half of its z =
0 mass are plotted versus density in different mass bins across different-sized walls. Results: We note that only the first two mass bins/columns have sufficient
median haloes in all walls for meaningful results. Similar to the results of Fig. Al, we see that the halo properties does not appear to be affected on the whole
by the size of the walls. In addition, the scale factor of the last major merger does not seem to be affected by increasing density, although prolateness and the
half-mass scale do. This is analogous to the results of Fig. 3, where we looked at halo properties across different web environments including small walls.
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Halos in WALLS only
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Figure A3. Halo properties in walls of all sizes as a function of environmental density, for halo mass logioMyir/M oy = 11.20 + 0.375. Left to right: We split
density into three different regions to explore the effect of low to high density on the halo properties. Top to bottom: Specific accretion rate, Ag, and Cnrw
are plotted versus density in walls of all sizes. The histograms here correspond to those of Fig. 4 of this paper, where we showed histograms of properties in
different cosmic environments and small walls instead. Results general: The halo properties do not appear to be affected by the different sizes of the walls. We
note that that halo properties in the small and medium walls here appear to deviate from the distribution, taking on a more ‘jaggedy’ appearance, as we go
towards larger densities due to lack of haloes at these larger densities. This means that there is a lack of haloes in small and medium walls at high densities,
with the lack of haloes contributing to the deviation. However, despite this deviation, we can see that the trend of the halo properties in small and medium walls
generally follows that in walls of all sizes for each property.
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Figure A4. Histograms of halo properties in all-sized walls as a function of density, for halo mass logioMyir/M) = 11.20 & 0.375. Left to right: As in Fig.
A3. Top to bottom: The full distribution of prolateness, scale factor of last major merger, and the scale factor when the halo had half of its z = 0 mass are
plotted in walls of all sizes. The histograms here correspond to those of Fig. 5 of this paper, where we showed histograms of properties in different cosmic
environments and small walls instead. Results: The halo properties do not appear to be affected by the different sizes of the walls. Similar to Fig. A3, the small
and medium walls here appear to deviate from the distribution as we go towards higher densities due to lack of haloes at these high densities. However, despite
this, we can see the trend of the haloes in small and medium walls generally following the haloes in walls of all sizes for each property. Hence, along with the

histograms of Fig. A3, we conclude that wall sizes do not significantly affect their halo properties.

APPENDIX B: CHANGING PARAMETER D

For all of the distributions in the paper, we have used a parameter
D = 0.25h~" Mpc as the distance away from a filament, together
with < 0.75 h~' Mpc as the distance to a wall, to group haloes into
the environment we called a ‘wall’; those haloes not in filaments
or walls are considered to be in voids. In this appendix, we show
the effect when we change D to be D = 0.75h~' Mpc instead. We

can see that the effects are quite small, strengthening our argument
that the cosmic environment has little effect on halo properties; it
is density which governs the halo properties. It should be noted
that we did not use < 0.75h~! Mpc as the distance to a wall when
looking for haloes like those in our Local Wall. Not using this
criterion has the effect of limiting haloes to just the plane of the
walls, which is the case for the Milky Way Galaxy and Andromeda
(McCall 2014).
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Curve-fitting to specific accretion rate for all densities

Accretion Rate Median Mean Standard Model
[10-1 yr1] Deviation

SINEURNES 1.765 2.201 2.251 Gaussian
Medium Walls 2.678 2.382 2.228 Gaussian
Large Walls 2.530 2.338 2.280 Gaussian
X-Large Walls 2.605 2.230 2.209 Gaussian
All 2.500 2.093 2.400 Gaussian
Voids 2.497 2.412 2.322 Gaussian

Curve-fitting to logso A for all densities

logio As Median Mean Standard Model
[102] Deviation

Small Walls -1.433 -1.451 0.260 Lognormal
Medium Walls -1.338 -1.462 0.254 Lognormal
Large Walls -1.473 -1.451 0.260 Lognormal
X-Large Walls -1.470 -1.458 0.261 Lognormal
All -1.457 -1.469 0.264 Lognormal
Voids -1.460 -1.506 0.268 Lognormal

Curve-fitting to log1o Cnrw for all densities

logio Cnrw Median Mean Standard Model
Deviation

Small Walls 1.157 1.145 0.200 Lognormal
Medium Walls 1.086 1.111 0.193 Lognormal
Large Walls 1.097 1.123 0.198 Lognormal
X-Large Walls 5155 1.131 0.197 Lognormal
All 1.154 1.147 0.206 Lognormal
Voids 1.146 1.142 0.181 Lognormal

Figure B1. Using parameter D = 0.75h~' Mpc away from a filament, these are curve-fittings of the distributions of specific accretion rate M /M, spin
parameter A, and concentration Cnpw With haloes > 0.75 2! Mpc away from filaments, and < 0.75 2! Mpc away from walls. Results: With a larger
distance away from filaments, the haloes represented in this table are more concentrated in the centre of the walls than those in Fig. 6. We note that the numbers
tabulated here are very close to those found in Fig. 6, indicating that the distribution of histograms in Figs 4 and 5 and the median plots in Figs 2 and 3 are
very similar whether using the halo-to-filament distance parameter D = 0.25/h~' Mpc or D = 0.75h~! Mpc. We used a table of fits to show the similarity
between the two different parameters, as the plots and histograms using these two parameters are too similar to see by eye the differences between them. We
have, however, still included the median plots just for comparison in B2.
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Halos in SMALL WALLS only

Halos in Voids

Small Walls
2 < Radius < 3.4 h-" Mpc

log,, M,, = 1120£0375 1195
5 |- L

loglo po‘ / pavg

logIO po’ /pavg

12.70 13.45

lOgIO po‘ /pavg lOgIO po‘ /pavg

Figure B2. Using parameter D = 0.75 h~! Mpc away from a filament, these are halo properties in all web environments, small walls, and voids as a function
of density, where p, is density used on that smoothing scale. Left fo right: The columns have been split into four mass bins of logioM,;/M = 11.20 & 0.375,
11.95 + 0.375, 12.70 &+ 0.375, and 13.45 £ 0.375, with density smoothing scales of p, in these mass bins as 1, 2, 4, and 8 hl Mpc, respectively. Top to
bottom: The median distribution of specific accretion rate, Ag, and Cnrw are plotted versus density in the four mass bins. Results: The plots here uses the
parameter D = 0.75h~" Mpc, while those in Fig. 2 uses D = 0.25h~' Mpc. Looking between these two plots, it is difficult to see by eye the differences
arising from using the different halo-distance-to-filaments parameter D. It is better to make the comparison using the quantities found in the table in Fig. B1

instead.

APPENDIX C: ANGULAR MOMENTUM
ORIENTATION OF HALOES IN THE CENTRES
OF WALLS

In Section 3.2.1, we used the following cuts to constraint the number
of haloes: walls of the Bolshoi—Planck:

(i) Radius (wall): 2-3.4 h~! Mpc
(ii) Mass (haloes): 0.8-1.2 x 10'> M,
(iii) Distance of halo to filaments: >0.25 h~! Mpc

Here, we show an alternative criterion for the haloes, by limiting
them to the centre of their walls. We define here the haloes to be

near the centre of the wall with the following criteria:

(i) radius (wall): 2-3.4 h~! Mpc,

(ii) mass (haloes): 0.8-1.2 x 10'> M,

(iii) distance of halo to centre of mass of the wall: <1.75 h~!
Mpc,

where we calculated the centre of mass as the mean of the position
voxels of each wall. These criteria limit the number of haloes to
123 in 110 walls. This criteria of limiting haloes to the centre
of walls here produces fewer haloes than those found using the
methods in Section 3.2.1, where we found 702 haloes in 594 walls
by reassigning haloes in walls, but not limiting them to be near
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the centres of their walls. The results found here of the dot product
between the orthogonal vector and the w vector is 0.458, while those
in Section 3.2.1 is 0.452. Hence, though we have limited the angular
momentum to haloes near the centres of walls, the qualitative result
for the direction of the angular momentum vector lying close to
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the plane of the wall remains the same as that of for haloes not
stringently confined to the centres of their walls.

This paper has been typeset from a TEX/IATEX file prepared by the author.
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