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2.1 An example region of the Bolshoi Planck simulation at z = 0,
coloured by local environment density smoothed on scales of σ =
0.5, 1, 2, 4, 8, and 16 h−1Mpc. Densities are reported with respect
to the average density of the full volume. The dynamic range of
smoothed densities decreases at larger scales, dampening the color
contrast between low and high density regions. Average density
regions are highlighted by the light-blue to light-green color tran-
sition. This example region has a depth of 1/4 h−1Mpc and a side
length of 62.5 h−1Mpc. . . . . . . . . . . . . . . . . . . . . . . . . 15

2.2 Probability distributions of local environment density for the entire
simulation volume at z = 0, shown with linear (a) and log (b) scal-
ing on the vertical axis. Data is shown in black solid lines, while
analytical fits are shown with coloured dashed lines. Labels refer to
the smoothing length (HWHM) of the Gaussian kernel used on the
CIC density voxelization. Densities are reported with respect to the
average density. The density distributions are well fit by the Gener-
alized Extreme Value distribution, with small smoothing scales re-
sembling a Gumbell type distribution, and larger smoothing scales
resembling a Weibull type distribution. Non-linear structures (in
particular, voids) are relatively less abundant on larger scales. . . 17
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2.3 Probability distributions of local environment density smoothed us-
ing σs = 1 h−1Mpc for the entire simulation volume, shown with
log scaling on the vertical axis. Different coloured lines represent
the same smoothing scale, but at different redshifts. Non-linear
structure emerges more dramatically at lower redshifts. Voids grow
emptier, while filaments and clusters grow denser with time. . . . 18

2.4 Halo mass functions at redshifts 0, 0.5, 1, and 2. Coloured lines
represent halo mass functions computed in percentile bins of local
environment density smoothed with σ = 4 h−1Mpc, while black
lines indicate the mass function of all distinct halos. In order to
consistently distinguish high from low density regions at different
redshifts, we determine density percentiles relative to the whole
simulation volume, rather than just the locations of the halos (e.g.
P < 10% reflects the lowest density voxels in the entire simulation,
most of which are probably voxels in voids that contain no halos).
We see that each mass function has a characteristic mass, above
which the abundance drops off more rapidly. This characteristic
mass is lowest in low density regions and highest in high density
regions. We find that at z = 2, the characteristic masses are lower
and cover a narrower range of masses compared to at z = 0. Ad-
ditionally, at z = 2 the slopes of the mass functions change more
gradually from below to above the characteristic masses compared
to at z = 0. The mass function of halos in the highest density re-
gions is also somewhat steeper above the characteristic mass com-
pared to at z = 0. These differences reflect the flow of dark matter
in the simulation: that voids become emptier and clusters become
richer with time. . . . . . . . . . . . . . . . . . . . . . . . . . . . 19
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2.5 Medians of scatter in ρ − CNFW, ρ − λB, and ρ − Ṁ/M relation-
ships at z = 0, where ρσ is the local environment density smoothed
on different scales and ρavg is the average density of the simula-
tion. Different coloured lines represent different smoothing scales.
The shaded grey filled curve represents the 95% confidence interval
on the median, shown only for the characteristic smoothing length
σs,char = 1, 2, 4, and 8h−1Mpc for mass bins from left to right, re-
spectively, and provides an indication of sample size at different
densities. Mass bins are selected relative to the non-linear mass
(log10MC = 1012.7M� at z = 0) to facilitate comparison between
halos above, at, or below MC. We see that lower mass halos oc-
cupy regions with a wide range of local densities, while higher mass
halos are restricted to higher density regions. Note also that larger
smoothing scales will shift the range of densities towards the aver-
age density, so equal smoothing lengths should be used to compare
density ranges for halos of different masses. See Fig. 2.6 for a
discussion of the trends seen in this plot. . . . . . . . . . . . . . . 24
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2.6 Medians of scatter in rank ordered distributions of ρ−CNFW, ρ−λB,
and ρ− Ṁ/M at z = 0. The vertical axes reflect the rank ordered
percentile of the medians in each density percentile bin, with respect
to all distinct (central) halos in the given mass bin. The shaded grey
filled curve represents the 95% confidence interval on the median,
shown only for the characteristic smoothing length σs,char = 1, 2, 4,
and 8h−1Mpc for mass bins from left to right, respectively. For
halos less massive than MC, we see that concentrations tend to be
lower in lower density regions, except at the lowest densities, where
they increase. Spin parameters are maximized in median density
regions, and decreased in high and low density regions. Accretion
rates are heavily suppressed in high density regions and maximized
in low density regions. For halos with Mvir ≥ MC, the trends are
less dynamic and less well constrained due to low statistics, but
show similar relationships overall. Note that high mass halos are
not found in low density regions, so the trends observed represent
trends in relatively high density regions only. . . . . . . . . . . . . 25
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2.7 NFW Concentration, spin parameter, mass, and specific mass ac-
cretion rate histories for halos that end up in high (blue), me-
dian (black), and low (red) density regions at z = 0. Halos are
selected based on their percentile rank in characteristic local den-
sity parameter (σs,char = 1, 2, 4, and 8h−1Mpc for mass bins from
left to right, respectively). Halos that are in the percentile ranges
P = 0− 10, 45− 55, and 90− 100 represent halos in low, median,
and high density regions, respectively. The curves reflect median
properties of the progenitors of the z = 0 halo populations. The
dark grey shading reflects the 95% confidence interval on the me-
dian and the light grey shading reflects the 20− 80% dispersion of
each property, shown only for halos in median density regions. We
see that low mass halos in high density regions at z = 0 experienced
rapid growth of concentration and reduction of spin parameter at
late times compared to halos in lower density regions. Halos in
high density regions also experienced sharp accretion rate suppres-
sion and even mass loss at late times. Halos in low density regions
at z = 0 had slightly higher concentrations and consistently lower
spin parameters than halos in median density regions throughout
most of their history. Halos in low density regions accreted slightly
less at early times and slightly more at late times compared to halos
in median density regions. . . . . . . . . . . . . . . . . . . . . . . 31
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2.8 Same as Fig. 2.7, but showing tidal force, virial radius (Rvir), scale
radius (Rs), and maximum circular velocity (Vmax). In order to
efficiently compare different mass bins, we normalize Rvir, Rs, and
Vmax by the median values of the median density population at
z = 0. We see that halos in high density regions at z = 0 experience
strong tidal forces at late times, but significantly weaker tidal forces
at higher redshifts. Since tidal force correlates strongly with local
density, it seems halos in high density regions at z = 0 migrated
from roughly median density regions around z <∼ 2. Halos in high
density regions at late times evolved from halos with larger Rvir

and Rs and higher Vmax compared to halos in lower density regions,
but experienced a dramatic reduction in scale radius at late times.
Halos in low density regions at z = 0 experienced consistently low
tidal forces throughout their evolution and somewhat lower scale
radii than halos in median density regions. . . . . . . . . . . . . . 34

2.9 Same as Fig. 2.6, but showing half-mass scale factor (aM1/2), scale
of last major merger (aLMM) and tidal force. We see that the per-
centilized aM1/2−ρ relation is roughly inversely proportional to the
CNFW − ρ relation. Low mass halos in high density regions typi-
cally formed earlier than halos in lower density regions, except in
the lowest density regions, where we see a downturn in aM1/2 . Low
mass halos in very low density regions most recently experienced
major mergers at earlier times than halos in higher density regions.
We observe little correlation between aLMM and local density above
P(ρσ) ≈ 20. Tidal forces correlates strongly with local density,
suggesting we can use tidal force history as a reliable tracer of local
density history. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35
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2.10 Same as Fig. 2.6, but showing prolateness at Rvir (P ), prolateness
at R500c (P500c), and the offset of halo center of mass from halo peak
density (Xoff). We see that prolateness measured at both Rvir and
R500c monotonically decrease with increasing local density density
for all masses and all smoothing scales. Prolateness is one of only
a few halo properties (along with halo mass and Tidal Force (Fig.
2.9 Row 3)) that exhibit a clear monotonic relationship with with
local density. That halos are more prolate at lower density may be
because they form along thinner filaments at lower densities. We
find that for low mass halos Xoff is lowest in high density regions
and highest in median density regions, indicating that halos tend
to have more mass asymmetry in median density regions and less in
high density regions. The decrease of Xoff in higher density regions
parallels that of prolateness, so lower mass halos are rounder and
better centred at higher density, but the decrease of Xoff at low
densities implies that the increasingly prolate halos are also some-
what better centred at low density. The parallel behaviour of Xoff

and the half-mass scale factor (aM1/2 , Fig. 2.9 Row 1) suggests a
connection between Xoff and the timing of halo formation in regions
of different density. Note also the similar behaviour as a function
of density of Xoff and the spin parameters λB and λP (Fig. 2.6 Row
2 and Fig. A.8 Row 2). . . . . . . . . . . . . . . . . . . . . . . . 42

xi



2.11 Same as Fig. 2.7, but showing prolateness measured at Rvir (PRvir),
prolateness measured at R500c (PR500c), and the ratio of these two.
We see that all halos are more prolate at high redshift, and be-
come less prolate over time. Halos in high density regions at z = 0
tend to sphericalize more quickly than halos in low density regions,
which tend to sphericalize the slowest. This is true for prolateness
measured at both Rvir and R500c. The ratio PRvir/PR500c tells us
that since z <∼ 3, the outer regions of halos become rounder more
quickly than the inner regions. Additionally, lower mass halos in
low density regions have the least change in shape from the inner
(PR500c) to outer (PRvir) regions since early in their formation his-
tory, while halos in median and high density regions at z = 0 show
a greater disparity between inner and outer shape throughout most
of their evolution. . . . . . . . . . . . . . . . . . . . . . . . . . . . 46

3.1 Cumulative distribution function of mass loss fraction for distinct
halos. We divide our halos into 4 mass bins of width ∆ log10 µ =
0.75. Lower mass halos have typically lost more mass than higher
mass halos. The fraction of halos that have experienced appreciable
mass loss (greater than 5% since their peak mass) ranges from
roughly 12% (highest mass bin) to 22% (lowest mass bin). Roughly
5% of low mass halos have experienced dramatic mass loss (> 30%
since Mpeak), while very few high mass halos have. . . . . . . . . . 62
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3.2 Median z = 0 relations between mass loss fraction and NFW con-
centration (CNFW), Bullock spin parameter (λB), prolateness (P),
scale factor of last major merger (aLMM), tidal force (TF), and lo-
cal density (ρσ). We use the same mass bin definitions as in Fig.
3.1. We include only distinct halos. Light grey shading reflects the
20-80th percentile dispersion, while dark grey shading indicates the
95% confidence interval on the median, shown only for the lowest
mass bin. Halos that have lost a small amount of mass (5 − 15%
for low mass halos) tend to have lower concentrations, higher spin
parameters, and are more prolate compared to halos that have not
lost mass. Conversely, halos that have experienced more dramatic
mass loss (> 20% for low mass halos) display the opposite be-
haviour: they have lower concentrations, lower spin parameters,
and are more spherical compared to halos that have not lost mass.
Additionally, halos that have lost a small amount of mass are much
more likely to have experienced a recent major merger, while halos
that have experienced dramatic mass loss tend to experience higher
tidal forces and live in significantly higher density regions than ha-
los that have not lost mass. These trends are most pronounced for
lower mass halos. The competing trends between weak and dra-
matic mass loss are subdued and the transition occurs at higher
mass loss fractions for higher mass halos. . . . . . . . . . . . . . . 63

3.3 We present a visual representation of the four mass loss group labels
we use in this analysis. All halos in each mass bin are assigned to
one of these groups according to their tidal force and major merger
history. TS (tidal stripping) halos are subject to tidal stripping
only, R (relaxation) halos are subject to post major merger mass
loss only, TS+R halos are subject to both tidal stripping and post-
merger mass loss, and N (neither) halos do not satisfy the conditions
for either mass loss mechanism. . . . . . . . . . . . . . . . . . . . 68
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3.4 Fraction of halos in each mass loss group for different halo mass
bins. From each group, we show only the subset of distinct ha-
los that have lost more than 5% of their peak mass. We use the
same mass bin definitions as in Fig. 3.1. Group N halos are not
apparently subject to the mass loss mechanisms we identify in this
analysis, Group TS halos are potentially subject to tidal stripping
but not major merger induced mass loss, Group R halos are poten-
tially subject to mass loss following a major merger but not tidal
stripping, and Group TS+R halos are potentially subject to both
tidal stripping and major merger induced mass loss. Diminished
lower mass halos are much more likely to be found in Group TS
(about 23% of diminished low mass halos compared to only about
2% of diminished high mass halos), but less likely to be in Group R
(about 39% of diminished low mass halos compared to about 67%
of diminished high mass halos). Altogether, about 77% of dimin-
ished halos fall into one of the three mass loss groups (TS, R, and
TS+R); the remaining 23% of halos (group N) have likely lost mass
via minor mergers. . . . . . . . . . . . . . . . . . . . . . . . . . . 69

3.5 Cumulative distribution functions of mass loss fraction for distinct
halos that are tidally stripped (group TS, top row), have had a
recent major merger (group R, middle row), and are neither tidally
stripped nor had a recent major merger (group N, bottom row). We
use the same mass bin definitions as in Fig. 3.1. In the left column
we define the mass loss fraction for each halo as the ratio of final
halo mass at z = 0 to peak halo mass, while in the right column
we instead compute the fraction using the minimum virial mass
since the halo reached Mpeak (or since aLMM for group R halos).
This allows us to compare the distribution of mass loss fractions
at z = 0 compared to the distribution of peak mass loss for each
group. Different coloured lines represent different mass bins. . . . 70
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3.6 Particle distributions, density profiles, and halo property evolution
of an individual group R halo at two distinct snapshots. Large
panels show the distribution of particles at z = 0.63 (left) and
z = 0.19 (right). On the x-axis (y-axis) we plot the magnitude of
the radial (velocity) vector of each particle, with the center and bulk
velocity of the halo as the origin. Individual particles are coloured
according to the redshift they are first accreted onto the halo (the
associated colour bar is in units of 1 + z). Solid points represent
particles that will remain bound to the halo at z = 0, while open
circles represent particles that will be removed from the halo by
z = 0. Gray coloured particles are unbound. In each large panel, we
also indicate the current simulation snapshot, scale factor, fraction
of particles that are bound (fb), and the current location of Vmax,
Rs, and Rvir. In the associated colour bar on the right, the yellow
star indicates the occurrence of a major merger, while the cyan
and green circles indicate the current time. The (bottom) panels
below the particle distributions show the halo density profiles at
each snapshot. We scale the profiles by r3 to highlight deviations
of the outer profile from a r−3 (NFW) slope. The associated color
bar on the right indicates the log r − log ρ slope of the density
profile. For an NFW halo, the slope would be -1 (dark blue) below
Rs, and -3 (purple) above Rs. Black sections indicate extremely
shallow profiles, while red and orange sections indicate very steep
profiles. The rightmost column of plots show the full evolution of
mass, virial radius, Vmax, scale radius, spin parameter, prolateness,
tidal force, Xoff , and virial ratio for this halo from z = 2 to 0. The
green (cyan) circles indicate the location of the left (right) main
panels. The vertical blue dashed line shows where a major merger
occurs, and the blue shaded regions indicate periods of mass loss.
Mass, virial radius, and Vmax are each normalized by their z = 0
values. The left main panel (z = 0.63) coincides with the last major
merger. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71
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3.7 Same as Fig. 3.6, but showing a group TS halo at z = 0.54 and
z = 0.18. In this case, no major mergers occur. In the property evo-
lution plots in the rightmost column, red shading indicates periods
of mass loss where tidal force is greater than 1 (i.e. tidal stripping).
Blue shading indicates periods of mass loss where tidal force is less
than 1. The bold red portion (from roughly z = 0.54 to 0) indi-
cates where tidal force is greater than 1, and the additional bold
purple section shows when this halo is a subhalo of a more massive
halo. We’ve chosen these two snapshots to highlight the affect of
tidal stripping on halo properties. The left main panel (z = 0.54)
coincides with the peak mass and where tidal force becomes greater
than 1. We see that most of the (relatively recently accreted) mate-
rial in the outer part of the halo will be lost by z = 0. Shortly after
this, the halo becomes a subhalo and experiences much stronger
tidal forces. The right main panel (z = 0.18) coincides with the
minimum tidal force (roughly TF = 1) after the halo again be-
comes a distinct halo. At this point halo mass, virial radius, Vmax,
scale radius, spin, and prolateness have all decreased relative to
their pre-subhalo values. We can see a clear separation between
the distribution of material in the inner halo and outer halo, and
a corresponding steepening of the density profile around this same
radius. The decrease in scale radius is a direct consequence of this
steepening of the outer density profile. By z = 0, the halo will be
nearly entirely stripped of the puffed-out outer region. . . . . . . . 76
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3.8 Distributions of tidal force, local density, prolateness, scale factor
of last major merger, NFW concentration, and Bullock spin param-
eter for all distinct halos that have not lost a significant amount of
mass and for distinct halos that have lost mass in Groups N, TS,
R, and TS+R. We use the same mass bin definitions as in Fig. 3.1.
Vertical axes show the number of halos in each horizontal bin; all
distributions in a given row have the same horizontal bin width to
allow for direct comparison to other distributions in the same panel.
Values on the horizontal axes correspond to the halo property la-
belled in the rightmost column of a given row. We divide these
distributions into our usual four mass bins, with the lowest mass
bin in the leftmost column. The grey lines indicate distributions
for all halos in a given mass bin that have not lost more than 5%
of their mass since Mpeak. The solid blue, solid red, dashed blue,
and dashed red lines represent halos that have lost more than 5%
of their mass since Mpeak and additionally belong to groups N, TS,
R, and TS+R, respectively. . . . . . . . . . . . . . . . . . . . . . 77

3.9 Same as Fig. 3.8, but showing mass loss ratio (Mvir/Mpeak), offset
between halo center of mass and density peak (Xoff), and virial ratio
(T/|U |). We use the same mass bin definitions as in Fig. 3.1. We
see that Group R halos dominate the population of halos that have
only experienced moderate mass loss (between 5 and 20% of their
peak mass for low mass halos), while tidally stripped Group TS
halos are the most common among heavily diminished halos. Group
TS halos have slightly lower Xoff and T/|U | on average compared
to undiminshed halos, while Group R halos have slightly higher
Xoff and T/|U | on average. These trends are consistent with our
proposed mass loss mechanisms of tidal stripping and post-merger
relaxation for Groups TS and R, respectively. . . . . . . . . . . . 78
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3.10 NFW Concentration, spin parameter, mass, and specific mass ac-
cretion rate histories for all distinct halos that have not lost a sig-
nificant amount of mass (not diminished (ND):Mvir/Mpeak > 0.95)
and for distinct halos that have lost mass (Mvir/Mpeak < 0.95) in
Groups N, TS, R, and TS+R. We use the same mass bin definitions
as in Fig. 3.1. The curves reflect median properties of the progen-
itors of the z = 0 halo populations. The dark grey shading reflects
the 95% confidence interval on the median and the light grey shad-
ing reflects the 20 − 80% dispersion of each property, shown only
for Group TS halos. Each halo mass curve is normalized to the
z = 0 value of the not diminished (ND) curve in each mass bin.
We see that halos experiencing purely tidal mass loss (Group TS)
experience amplified concentrations, reduced spin parameters, and
heavily reduced accretion rates and halo mass at late times. In con-
trast, halos that underwent purely merger induced mass loss (Group
R) exhibit temporarily reduced concentrations, strongly amplified
spins, and a recent burst of accretion, followed by mild mass loss.
Group TS+R halos display milder trends consistent with both tidal
stripping and relaxation, while Group N halos display trends that
are most consistent with those from Group R, but subdued, sug-
gesting these may be halos experiencing weaker relaxation-based
mass loss from minor mergers. . . . . . . . . . . . . . . . . . . . . 86
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3.11 Same as Fig. 3.10, but showing tidal force, virial radius (Rvir), scale
radius (Rs), and maximum circular velocity (Vmax). To efficiently
compare different mass bins, we normalize Rvir, Rs, and Vmax by
the median values of the not-diminished (ND) population at z = 0.
Note that the Rvir curves must converge at z = 0 as a consequence
of the halo mass curves (Fig 3.10 Row 3) converging at z = 0. We
see that halos experiencing purely tidal mass loss (Group TS) typi-
cally experience much stronger tidal forces starting around z ≈ 1−2
and peaking shortly before z = 0, strongly depressed scale radii and
mildly reduced maximum circular velocity, both roughly coincident
with the increase in tidal force. In contrast, halos that underwent
purely major merger induced mass loss (Group R) exhibit consis-
tently low tidal force, temporarily amplified scale radii, and a jump
in maximum circular velocity roughly coincident with the major
merger. Group TS+R halos display milder trends consistent with
both tidal stripping and post-merger mass loss, while Group N ha-
los display trends that are most consistent with those from Group
R, but subdued, suggesting these may be halos experiencing weaker
relaxation-based mass loss from minor mergers. . . . . . . . . . . 87
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3.12 Same as Fig. 3.10, but showing prolateness measured atRvir (PRvir),
prolateness measured atR500c (PR500c),Doff , and the virial ratio. We
see that halos experiencing purely tidal mass loss (Group TS) typi-
cally become steadily rounder and more symmetric. In contrast, ha-
los that underwent purely major merger induced mass loss (Group
R) temporarily become highly elongated, especially at larger radii,
highly asymmetric, and unrelaxed, all coincident with the merging
event. Group TS+R halos display much milder trends consistent
with both tidal stripping and relaxation, while Group N halos dis-
play trends that are most consistent with those from Group R, but
subdued, suggesting these may be halos experiencing weaker mass
loss from minor mergers. Diminished halos from all groups experi-
enced a jump or plateau in virial ratio around z = 0.5, followed by
relaxation by z = 0, with the most unrelaxed halos coming from
groups R, TS+R, N, and TS, in order of most to least, respectively. 88
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3.13 Cumulative distribution functions of virial ratio (T/|U |) decline on
the left panel and spin parameter (λB) decline on the right panel for
all group R halos (distinct halos that had a recent major merger but
have not experienced strong tidal forces). We use the same mass
bin definitions as in Fig. 3.1. In each case, we compute the ratio of
the z = 0 values to the peak value since the last major merger. This
provides an indication of the degree to which virial ratio and spin
parameter typically decay following a major merger, since both
of these properties tend to increase sharply immediately after a
major merger. Different coloured lines represent different mass bins,
though we see very little mass dependence. The median decline
in virial ratio is about 24% of the peak value, while the median
decline in spin parameter is about 52% of the peak value. About
80% of these group R halos decline by at least 15% in virial ratio,
while nearly 90% decline by at least 15% in spin parameter. This
tells us that elevated spin parameters following major mergers are
transient; they typically decay substantially by z = 0, at least when
considering only the material within the virial radius of the halo.
Fluctuations in virial ratio are less dramatic that in spin parameter,
but show qualitatively similar time-dependence following a major
merger. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 89
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3.14 Cumulative distribution function of fraction of mass lost while a
subhalo for all tidally stripped halos (group TS). We use the same
mass bin definitions as in Fig. 3.1. We define ∆Mvir as the to-
tal cumulative mass loss since Mpeak, not including any periods of
mass growth. So ∆Mvir,SH represents any loss that occurs while
(temporarily) a subhalo. Different coloured lines represent differ-
ent mass bins. For the lowest mass bin, we see that about 60% of
halos did not lose any of their mass as subhalos. About 80% of
these halos lost half of their mass or less as a subhalos, leaving only
about 20% of halos having experienced the majority of their mass
loss as a subhalo. Mass loss while a subhalo is much less common
for higher halo masses. Roughly 72% of log10 µ = 11.95 halos, 84%
of log10 µ = 12.7, and 98% of log10 µ = 13.45 halos have not lost
any mass as a subhalo. . . . . . . . . . . . . . . . . . . . . . . . . 90
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Abstract

Properties of Dark Matter Halos:

Environment Density and Mass Loss

by

Christoph Tenzin Lee

We use results from the Bolshoi-Planck cosmological dark matter simulation to

(1) study the evolution of dark matter halo properties in regions of different local

environment densities, (2) investigate whether dark matter halo spin is a reliable

predictor of galaxy size, and (3) determine the causes and consequences of virial

mass loss in distinct halos. We find that halos in high density regions typically

have higher NFW concentrations (C = Rvir/Rs), lower spin parameters, and much

lower mass accretion rates than median halos at z = 0. These trends are a result

of strong tidal forces (due to nearby massive halos), which inhibit relatively lower

mass halos from accreting material and strip particles from their outer regions.

Surprisingly, we find that lower mass halos in the lowest density regions also have

higher concentrations and lower spin parameters. We provide possible explana-

tions for these trends: (i) halos in low density regions must form early if they are

to form at all, and (ii) less violent accretion histories lead to less increase in Rs, im-

plying higher concentrations; (iii) these halos have fewer massive neighbors to spin

them up, implying lower spin parameters. If halo spin parameter is proportional

to galaxy size, this predicts that galaxies in low density regions should have less

extended disks. We test this prediction using SDSS data. We additionally identify

two primary causes of halo mass loss: tidal stripping by a massive neighboring

halo (a dominating effect in high density regions), and virial relaxation after a

major merger. Tidal stripping causes halos to become less prolate and have lower

xxix



spins and higher NFW concentrations. Tidally stripped halos often lose a large

fraction of their peak mass (> 20%) and most never recover (or even reattain a

positive accretion rate). Major mergers initially boost Mvir and typically cause

the final halo to become more prolate and less relaxed and to have higher spin

and lower NFW concentration. As the halo relaxes, high energy material from the

recent merger gradually escapes beyond the virial radius, temporarily resulting in

a net negative accretion rate that reduces the halo mass by 5 − 15% on average.

Halos that experience a major merger around z=0.4 typically reach a minimum

mass near z=0.
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Chapter 1

Introduction

This thesis is composed of two main sections, each addressing a fundamental

question about dark matter halos. In Chapter 2, I present a detailed investigation

of the relationship between dark matter halo properties and local environment

density: how are dark matter halos (and by extension, the galaxies that they

host) influenced by their local environment? In high density regions, I found that

a very high fraction of halos are in a state of negative accretion; that is, they are

actively losing mass over time. This prompted a subsequent exploration into the

mechanisms that promote negative dark matter mass accretion rates in distinct

dark matter halos. Why do some dark matter halos lose mass? What effect does

mass loss have on the dark matter density profile, shape, angular momentum

distribution, and other properties of the halo? Chapter 3 answers these questions.

In addition to the two main analyses detailed in Chapters 2 and 3, I’ve led or

participated in a number of additional research projects that are not discussed in

detail in this thesis. In the paragraphs that follow, I provide summaries of several

of these peripheral analyses.

In Chapter 2, I determine dark matter density by counting the number of

dark matter particles in small cells in the Bolshoi-Planck cosmological dark mat-
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ter simulation, and then smoothing these raw particle counts using a Gaussian

kernel. Performing this smoothing procedure several times using kernels with dif-

ferent smoothing radii provides a precise local density estimation for all halos in

the simulation volume. It is useful to evaluate dark matter density on different

scales, both because halo size varies dramatically as a function of halo mass, and

because hierarchical structures that compose the cosmic web (e.g. voids, walls,

and filaments) are washed out when sampled at large length scales. The sub-

sequent sections compare how halos in low density regions differ from halos in

high density regions as a function of halo mass and density smoothing scale. One

important finding from this work is that halos in low density regions have lower

spin parameters than halos in higher density regions. Furthermore, halos in low

density regions at the present day (z = 0) evolved from halos that formed in low

density regions, and which also had consistently lower spin parameters than halos

in higher density regions. This could result due to a relative lack of tidal torque

from neighboring halos during halo formation in low density regions. This also

raises the question: is there a connection between halo spin parameter and galaxy

properties? And if so, are galaxies in low density regions different from those in

higher density regions as a result?

I have worked closely with UCSC undergraduate student Graham Vanben-

thuysen to recast the results from Ch. 2 in an observational context. Using

abundance matching, we have filled halos in the Bolshoi-Planck simulation with

galaxies from the Sloan Digital Sky Survey (SDSS), and then computed local dark

matter densities using several new methods that are standard in observational as-

tronomy. This includes density estimation based on the N-th nearest neighbor

statistic (computing density from the volume enclosing the N nearest galaxies),

as well as counting the number of galaxies within fixed apertures of different sizes
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(using the same radii as the smoothing kernels used in Ch. 2. Comparison of

the density dependence of the same halo properties (e.g. NFW concentration,

spin parameter, specific mass accretion rate) for these different density estimation

methods shows qualitative agreement, indicating that the relationships between

halo properties and local density discussed in Ch. 2 are not strongly dependent

on the specific method of density estimation employed. Furthermore, we see that

galaxies tend not to decrease in size in very low density regions, suggesting that

galaxy size is not closely controlled by halo spin parameter (as was proposed by,

e.g. Somerville et al. (2018)). These findings may be more consistent with the halo

concentration-based galaxy size estimator proposed in Jiang et al. (2018), since

this quantity is more stable between halos in median and low density regions.

While Ch. 2 studies in detail how the density of the local environment relates

to halo properties, it does not address the how different cosmic web structure

types impact halo properties. In Goh et al. (2019), we approach this subject.

In order to evaluate the affect of cosmic web structure type alone, we need to

control for the strong local density dependence, otherwise halos in voids would

be biased towards much lower densities than halos in filaments. Fortunately,

the distributions of local densities in voids, walls, and filaments overlap enough

that we can select a population of halos from each structure type with the same

local density. Do halos in voids, walls, and filaments have different distributions of

properties when selected from a fixed range of local density? We see no statistically

significant variation in the distributions of halo properties as a function of cosmic

web type for any of the properties we evaluated, which were NFW concentration,

spin parameter, specific mass accretion rate, halo shape, scale factor of the last

major merger, and scale factor when halos reach half their maximum mass. This

doesn’t mean that halo properties are fully disconnected from the nature of the
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structure in which they reside. Indeed, Aragon-Calvo (2016) finds a correlation

between the orientation of the halo angular momentum axis and the orientation

of the halo shape with local cosmic web features. However, our work in Goh

et al. (2019) does establish that local density is a stronger predictor of many halo

properties than cosmic web structure type alone.

Several additional analyses have also added value to our understanding of the

processes surrounding halo mass loss and their affects on halo properties. In

Tuan & Zhu (2015) and Tuan (2016), we studied the dark matter density profiles

of halos, especially those residing in high density regions and which have been

stripped by a massive neighboring halo. The NFW fitting function, used by

default in many halo finders, does not accurately describe the density profiles of

halos that have been stripped of mass. Rather, we found that using a modified,

3-parameter NFW fit where the (1 + r/rs)2 term in the denominator is replaced

by (1 + r/rs)n does a much better job at minimizing the fitting error in these

halos, albeit at the cost of an additional fitting parameter. In fact, when we

allow for this additional degree of freedom in fitting halo density profiles, we find

that halos that have been tidally stripped have a goodness-of-fit comparable on

average to those that have not been tidally stripped. Interestingly, the class of

halos with the poorest goodness-of-fit using the modified NFW profile are those

in the lowest density regions, suggesting some kind of systematic difference in how

the dark matter is distributed in these halos compared to those in higher density

regions. Presumably, this difference may arise from the inner regions of the halos

(r < rs), because halos in low density regions tend to be fit with with outer profile

slopes similar to the standard NFW profile (ρ ∝ r−3). As mentioned, halos in high

density regions are much better fit by this 3-parameter NFW formula, because the

fitting function is able to accommodate the steeper outer profiles resulting from
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tidal stripping. We see that on average low mass halos in high density regions

increase from an outer profile radial dependence of roughly ρ ∝ r−3 in median

density regions to nearly ρ ∝ r−3.5 in high density regions, with a much higher

dispersion in high density regions.

In 3, we suggest that halos that have lost mass, but which have not had a recent

major merger and have not recently experienced strong tidal forces, probably did

so as a result of a minor merger. In Wu & Zhang (2017), we test this hypothesis

by developing a method to flag possible minor mergers using the evolution of

halo mass and maximum circular velocity (Vmax) for individual halos. We find

that halos that have lost greater than 5% of their peak mass, but have not had

a recent major merger or experienced recent tidal stripping, did have a recent

minor merger. The distribution of last minor merger scale factors in this group

is strikingly similar to that of last major merger scale factors for halos that lost

mass due to major mergers. In both cases, the distribution of last merger scale

factors peaks at approximately a = 0.7 (z = 0.4), and falls off steeply on either

side. This is a reflection of the time delay between the incidence of the merger

and the subsequent relaxation phase during which material is shed from the halo

(see also Figs. A.17 and A.18).

We further compared in Wu & Zhang (2017) the impact of minor mergers

and major mergers on halo properties by characterising the resulting variations in

halo shape (prolateness), spin parameter, NFW scale radius, asymmetry (Xoff),

and virial ratio. We found that both spin parameter and the virial ratio typically

reach a peak shortly after the incoming halo crosses the virial radius of the main

halo and then gradually subside as the halo relaxes. In contrast, the scale radius,

prolateness, and asymmetry measurement all reach a peak almost immediately

after the virial radius crossing, and in a majority of cases peak again after a brief
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oscillation. We rarely observe a third peak in any halo property following a single

merging event. These dramatic oscillations in scale radius, prolateness, and Xoff

manifest in response to the blacksplash of the merging halo core after it punches

through the main halo. These behaviors are consistent both for major merger and

minor merger induced mass loss scenarios.

The text of this thesis contains modified reprints of material from two pub-

lished papers. Chapter 2 and Figs. A.1 - A.8 are taken from Lee et al. (2017).

Chapter 3 uses material from Lee et al. (2018).
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Chapter 2

Environment Density

2.1 Background

In the ΛCDM standard modern theory of structure formation in the universe,

galaxies populate dark matter halos and subhalos. The properties of these ha-

los and their distributions in space are therefore important in understanding the

properties and distribution of galaxies. The present paper investigates how the

properties of the dark matter halos correlate with their environments, in par-

ticular with the mass density on various scales around the halos. We also try

to understand the origins of these correlations, studying in particular how halo

environments affect halo evolution.

The effects on dark matter halos of their environments have been studied

in many earlier papers. Since the earliest cold dark matter paper Blumenthal

et al. (1984), it has been assumed that the initial conditions were Gaussian, as

predicted by the simplest cosmic inflation models, which permitted treatment of

halo properties based on analysis of the linearly evolved initial conditions. The

early N-body simulations (e.g., Davis et al., 1985) had resolution too low to permit

identifying dark matter halos so that galaxies had to be identified with individual
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particles in the simulations, which led to some misleading conclusions such as

the supposed need for high bias. But improved analysis of the initial conditions,

for example by the “peaks” approach (Kaiser, 1984; Peacock & Heavens, 1985;

Bardeen et al., 1986), permitted more detailed treatments of dark matter halo

clustering (e.g., Dalal et al., 2008; Desjacques & Sheth, 2010). Combination of

the peaks approach plus N-body simulations led to further insights, including that

halos in dense regions that do not correspond to high peaks in the initial conditions

accrete more slowly than halos that do correspond to high peaks (Ludlow &

Porciani, 2011).

Faster supercomputers and better codes have led to improved N-body simula-

tions, in which the halos and subhalos that host galaxies, groups, and clusters are

resolved. Such simulations have permitted more detailed analyses of the correla-

tions of halo properties with each other and with the halo environments measured

in various ways. One of the first papers to do this was Lemson & Kauffmann

(1999), which used Ω0 = 1 τCDM and Ω0 = 0.3 ΛCDM simulations and concluded

that only the halo mass distribution varies as a function of environment, with more

high mass halos in denser environments, in reasonable agreement with the analytic

calculation by Mo & White (1996) based on extended Press-Schechter theory and

the spherical top-hat model. While subsequent N-body calculations confirmed this

density effect on the halo mass function, they implied that environmental density

also affects halo major merging rates (Gottlöber, Klypin & Kravtsov, 2001) and

other halo properties. Bullock et al. (2001) found that halos in dense environments

tend to have higher concentrations than isolated halos. Sheth & Tormen (2004),

using the same simulations as Lemson & Kauffmann (1999), found evidence that

low-mass halos form somewhat earlier in dense environments. Avila-Reese et al.

(1999) found that dark matter halos that are isolated or in intermediate density
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environments have outer density profiles r−β with β ≈ 2.8 ± 0.5 while halos in

denser regions have a wider range of β up to ∼ 5. Avila-Reese et al. (2005), again

using ΛCDM simulations that were very small by modern standards, nevertheless

found that halos in dense regions had lower spin parameters and higher concen-

trations and were less prolate than halos in lower density environments, with the

differences arising mostly at low redshifts z < 1 from phenomena such as tidal

stripping in dense environments. In the present paper, we confirm and expand on

these results. Maulbetsch et al. (2007) used a 5123 particle ΛCDM simulation in

a (50h−1Mpc)3 volume to study the mass accretion history of galaxy-mass halos

in different environments, and found that halos of the same final mass accreted

their mass earlier in denser environments, and also accreted a significantly higher

fraction of their mass in major mergers. They suggested that this could help to

explain the galaxy density-morphology relation, that early type galaxies are more

common in dense environments. They also found that ∼ 80% of halos in higher

density environments are not accreting (i.e., have Ṁ ≤ 0), while this fraction is

only ∼ 20% in low density environments. They defined the environmental density

on a scale of 4h−1Mpc, with density less than average considered “low” and den-

sity greater than 6 times background density considered “high,” but they found

similar results measuring density on scales from 2 to 8h−1Mpc. They also found

that subtracting the central halo mass in determining the environmental density,

as Lemson & Kauffmann (1999) had done, made little difference to the results. In

the present paper we do not subtract the central halo mass in determining the en-

vironmental density, since we consider densities in volumes much larger than those

of their central halos (i.e. for a given halo mass, we only consider environment

densities smoothed on scales greater than 4 Rvir; see §5.1 for further explanation;

cf. Muldrew et al., 2012).
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Measuring environmental density in spheres of radii 1, 2, 4, and 8h−1Mpc

in a set of relatively small ΛCDM simulations in various volumes, Macciò et al.

(2007) found that higher-concentration low-mass halos are found in denser en-

vironments, and lower-concentration ones in less dense environments. This is

consistent with the higher concentration of early-forming halos (Bullock et al.,

2001; Wechsler et al., 2002a); the earlier formation of low-mass halos in dense

regions (e.g., Sheth & Tormen, 2004); and the finding that high-concentration

low-mass halos are more correlated than average (i.e., more biased: Gao, Springel

& White, 2005; Wechsler et al., 2006; Gao & White, 2007), a phenomenon that

has become known as “assembly bias.” Here, low-mass halos means those less

massive than the characteristic mass MC of halos collapsing at the present epoch

(see, e.g., Rodriguez-Puebla et al., 2016, Fig. 9).

Faltenbacher & White (2010), analysing the Millennium simulation (Springel

et al., 2005), found that near-spherical and high-spin halos show enhanced clus-

tering. Fakhouri & Ma (2010), also analysing the Millennium simulation, showed

that mergers are increasingly important for halo mass growth in denser regions

while diffuse accretion dominates growth in voids (elaborating on the results of

Maulbetsch et al., 2007), with galaxy-mass halos forming somewhat earlier in

denser environments, where they accrete less at low redshifts because the dark

matter there has higher velocity dispersion (as also argued by Wang, Mo & Jing,

2007; Dalal et al., 2008).

Wang et al. (2011a) studied properties of dark matter halos as a function of

their environments, characterized mainly by the tidal field but also by density on

a scale of 6h−1Mpc. They found that high-density environments provide more

material for halos to accrete, but the stronger tidal fields there tend to suppress

accretion. They found that halos in higher tidal field environments and in higher
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density environments have higher spins, with the trends stronger for higher mass

halos.

Skibba & Macciò (2011) and Jeeson-Daniel et al. (2011) used principal com-

ponent analyses to study the correlations of many halo properties including en-

vironment. Skibba & Macciò (2011) used the overdensity in spheres of 2, 4 and

8h−1Mpc to measure the environmental density, and found that at fixed halo mass

the environmental density does not significantly determine any of a halo’s prop-

erties. Jeeson-Daniel et al. (2011) did a more detailed correlation study of halo

properties. The strongest correlation they found was between halo concentra-

tion and age, with more concentrated halos also being more spherical and having

lower spin. But they found that there was little correlation of halo properties

with their environment measure. Instead of using overdensity, they measured the

environment using a quantity they call D1,0.1, equal to the distance to the nearest

friends-of-friends halo with a mass greater than 10% of the halo’s mass divided by

the radius of the neighbour’s halo. Unlike overdensity, D1,0.1 does not correlate

with halo mass (Haas, Schaye & Jeeson-Daniel, 2012).

Some authors (e.g., Bett et al., 2007; Macciò et al., 2007; Skibba & Macciò,

2011; Ludlow et al., 2012a, 2013) have studied mainly dark matter halos that

are “relaxed” according to various criteria, such as an upper limit on Doff =

|rPeak − rCM|/rvir, the offset of the halo density peak from the center of mass

within the halo radius, in units of the halo radius, or on the virial ratio T/|U |.

In this paper we study all halos, not just “relaxed” ones, because all the halos

of mass >∼ 1010M� will host at least one central galaxy, regardless of whether

it is relaxed or not, and our main motivation for studying halo properties as a

function of environment is to clarify the implications for galaxies in environments

of various densities. In this paper we also restrict attention to discrete halos (i.e.,
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those that are not subhalos) since we are interested in using the dark matter halos

to understand the properties of their central galaxies.

In the present paper we use the new ΛCDM Bolshoi-Planck simulation (Klypin

et al., 2016a; Rodriguez-Puebla et al., 2016) to study the environmental depen-

dence of halo properties and their evolution. The simulation is summarized in

§2, and we explain there how we measure the environmental density around every

halo. §3 describes how the environmental density depends on the scale on which

it is measured, and provides fitting functions using Extreme Value Distributions.

§4 describes the environmental dependence of dark matter halo mass functions.

In §5.1 we describe correlations between halo properties and environment at the

present epoch. In §5.2 we study the redshift evolution of halo properties at dif-

ferent densities, showing the origin at higher redshifts of the trends we found at

z = 0. In the remaining subsections of §5 we discuss the mass accretion rate

(§5.3), halo concentration (§5.4), halo spin (§5.5), and halo prolateness (§5.6). §6

summarizes and discusses our results. The Appendix contains figures that expand

upon issues discussed in the text or present alternative plots.

We have found that a large fraction of lower mass halos in dense environments

are stripped, that is they have less mass today than their main progenitors did at

some earlier epoch. We have found that halo stripping is the main cause of the

decrease in spin and the increase in concentration of lower-mass halos in dense

regions. We discuss such effects of halo stripping briefly in the present paper, with

more detailed results and discussion of the causes of halo stripping in a companion

paper (Lee et al. 2016, in preparation).
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2.2 Simulations and Method

In this paper we use the Rockstar halo finder (Behroozi, Wechsler & Wu,

2013) and Consistent Trees (Behroozi et al., 2013a) to analyse results for the

recent Bolshoi-Planck ΛCDM simulation, with (2048)3 particles in a volume of

(250 h−1Mpc)3, based on the 2013 Planck (Planck Collaboration et al., 2014a)

cosmological parameters ΩM = 0.307, ΩB = 0.048, σ8 = 0.823, and ns = 0.96 and

compatible with the Planck 2015 parameters (Planck Collaboration et al., 2015).

With a mass per particle of 1.5× 108 h−1M� and a force resolution of 1 kpc, the

Bolshoi-Planck simulation has adequate resolution to identify halos that can host

most visible galaxies. This simulation, along with the larger MultiDark-Planck

simulations, have been analysed in detail with fitting functions provided for many

halo properties (see especially Rodriguez-Puebla et al., 2016) and all of the halo

catalogues and merger trees are publicly available.1

We implement a Gaussian smoothing procedure to compute the density of the

full simulation volume smoothed on many different length scales. We convolve the

CIC density cube with a 1-dimensional Gaussian kernel applied sequentially along

each axis (x, y, z). We refer to the half-width at half-maximum (HWHM) of the

Gaussian kernel as the smoothing radius (σs), or smoothing scale. The kernel (k)

is truncated at cell t, where k[t] < k[0]/105, and then renormalized. Since we use

a voxel size of 250 [h−1Mpc]/1024 ≈ 1/4 h−1Mpc, we’ve chosen to smooth the

box on scales of 1/2, 1, 2, 4, 8, and 16 h−1Mpc. We then update each halo in

the Rockstar halo catalogues with the CIC and smoothed density values corre-

sponding to their locations in the simulation volume. We prefer using this method

to other methods of determining local density (e.g. growing spheres of different
1Rockstar catalogues (including local densities around halos) and Consistent Trees

merger trees used here are available at http://hipacc.ucsc.edu/Bolshoi/MergerTrees.html,
and FOF and BDM catalogues are available at https://www.cosmosim.org/cms/simulations/
multidark-project/.
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sizes around halo positions) primarily because it is highly efficient and provides

the density field at each point in the simulation volume. In Fig. 2.1 we show

the density smoothed on different scales for an example region of the simulation,

with a depth of 1/4 h−1Mpc (1 voxel) and a height and width of 62.5 h−1Mpc.

Average density regions are distinguished by light blue-green colouring, indicating

the transition between underdense (green to black) and overdense (dark blue to

yellow) regions.

2.3 Density Distributions

In Fig. 2.2, we present probability distributions of densities smoothed on sev-

eral length scales for the Boshoi-Planck simulation at redshift z = 0. We compute

these distributions using the full simulation volume, with black lines indicating

different smoothing scales, and coloured lines representing best-fitting analytic

functions for each smoothing scale. We report densities with respect to the average

density of the simulation to clearly distinguish between underdense and overdense

regions. The smallest scales probe the widest range of densities, from the centres

of voids to the centres of massive halos. Extreme values in the density field are

redistributed over a larger volume when smoothed on larger scales, reflected in the

narrower total range of densities observed for larger smoothing scales. The shapes

of the distributions indicate the abundance of non-linear structures present at a

given length scale. Densities smoothed on scales σ ≥ 8 h−1Mpc have a nearly log-

normal distribution peaked around average density. This indicates that density

fluctuations on these scales are dominated by large waves in the Gaussian random

field, with weak contributions from non-linear structures (voids, etc.) with radii

greater than 8 h−1Mpc. On smaller scales (σ ≤ 2 h−1Mpc), underdense regions

contain more volume than overdense regions, indicating that these scales are prob-
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Figure 2.1: An example region of the Bolshoi Planck simulation at z = 0, coloured
by local environment density smoothed on scales of σ = 0.5, 1, 2, 4, 8, and 16
h−1Mpc. Densities are reported with respect to the average density of the full
volume. The dynamic range of smoothed densities decreases at larger scales,
dampening the color contrast between low and high density regions. Average
density regions are highlighted by the light-blue to light-green color transition.
This example region has a depth of 1/4 h−1Mpc and a side length of 62.5 h−1Mpc.
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ing at or below the scales of non-linear structures like cosmic voids and filaments.

At very high densities, the distributions become noisy due to poor statistics and

sensitive to the voxelization of halo cores, especially for smaller smoothing scales.

2.3.1 Generalized Extreme Value Distribution

We find that the probability distributions of smoothed cosmic densities are

well fit by a Generalized Extreme Value (GEV) distribution, as defined in Eq. 2.1,

where x is a random variable, β is a scale parameter, k is a shape parameter, and

µ is a location parameter. Extreme value theory (see, e.g., Kotz & Nadarajah,

2000; de Haan & Ferreira, 2006) describes the statistics of extrema of samples

drawn from random distributions, and has been applied in analysis of 2D and 3D

cosmological datasets (Colombi et al., 2011).

f(x) = 1
β

exp
[
− (1 + kz)−1/k

]
(1 + kz)−1−1/k , (2.1)

z = x− µ.
β

(2.2)

The GEV distribution encompasses several sub-families known as the Gumbell,

Weibull, and Fréchet distributions, distinguished by shape parameter k = 0, k < 0,

and k > 0, respectively. In Table 2.1 we provide best fit values of β, k, µ, and the

residual sum of squares (RSS) for each density distribution. The RSS is defined

as

RSS =
m∑
n=0

[f (x[n], β, k, µ)− P (x[n])]2 , (2.3)

where f(· · · ) is a GEV distribution with parameters β, k, and µ, x[n] are the

binned density values and P (x[n]) is the real density distribution, as shown by

the black lines in Fig. 2.2. We use a simulated annealing fitting algorithm to

minimize the RSS between the fit and the data.
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Figure 2.2: Probability distributions of local environment density for the entire
simulation volume at z = 0, shown with linear (a) and log (b) scaling on the
vertical axis. Data is shown in black solid lines, while analytical fits are shown
with coloured dashed lines. Labels refer to the smoothing length (HWHM) of
the Gaussian kernel used on the CIC density voxelization. Densities are reported
with respect to the average density. The density distributions are well fit by the
Generalized Extreme Value distribution, with small smoothing scales resembling
a Gumbell type distribution, and larger smoothing scales resembling a Weibull
type distribution. Non-linear structures (in particular, voids) are relatively less
abundant on larger scales.
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σs = 1 h−1Mpc for the entire simulation volume, shown with log scaling on the
vertical axis. Different coloured lines represent the same smoothing scale, but
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redshifts. Voids grow emptier, while filaments and clusters grow denser with
time.
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Figure 2.4: Halo mass functions at redshifts 0, 0.5, 1, and 2. Coloured lines repre-
sent halo mass functions computed in percentile bins of local environment density
smoothed with σ = 4 h−1Mpc, while black lines indicate the mass function of all
distinct halos. In order to consistently distinguish high from low density regions at
different redshifts, we determine density percentiles relative to the whole simula-
tion volume, rather than just the locations of the halos (e.g. P < 10% reflects the
lowest density voxels in the entire simulation, most of which are probably voxels
in voids that contain no halos). We see that each mass function has a character-
istic mass, above which the abundance drops off more rapidly. This characteristic
mass is lowest in low density regions and highest in high density regions. We find
that at z = 2, the characteristic masses are lower and cover a narrower range
of masses compared to at z = 0. Additionally, at z = 2 the slopes of the mass
functions change more gradually from below to above the characteristic masses
compared to at z = 0. The mass function of halos in the highest density regions is
also somewhat steeper above the characteristic mass compared to at z = 0. These
differences reflect the flow of dark matter in the simulation: that voids become
emptier and clusters become richer with time.
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Table 2.1: Best fit values to 3-parameter generalized extreme value distribution
(Eqns. 2.1, 2.2). σ is the HWHM smoothing length, β is the scale parameter, k
is the shape parameter, µ is the location parameter, and RSS is the residual sum
of squares between the fit and the data.

σ [h−1Mpc] β k µ RSS
0.5 0.43 0.077 -0.78 0.0035
1 0.40 -0.049 -0.60 0.0012
2 0.35 -0.099 -0.42 0.00083
4 0.28 -0.16 -0.25 0.0026
8 0.19 -0.19 -0.13 0.095
16 0.11 -0.24 -0.051 1.47

We find that for small smoothing scales (σ = 0.5 and 1 h−1Mpc), the distribu-

tion functions are well approximated by a Gumbell type distribution (k ≈ 0), while

larger smoothing scales (σ = 2, 4, 8, and 16 h−1Mpc) are better approximated

by a Weibull type distribution (k < 0). Furthermore, we note that k ∝ log σ

(i.e. k decreases nearly constantly in log space from σ = 0.5 to 16 h−1Mpc, with

the largest decrease occurring between σ = 0.5 and 1 h−1Mpc). The location pa-

rameter µ, corresponding to the peak in the distributions, changes from µ ∼ −1

for small smoothing scales to µ ∼ 0 for larger scales, reflecting the shift in the

abundances of voids on those scales. The scale parameter, correlating with the

width of the distributions, decreases from β ∼ 0.5 when smoothed on 1/2 h−1Mpc

scales to β ∼ 0.1 for 16 h−1Mpc scales.

2.3.2 Evolution with Redshift

We additionally calculate probability distributions of smoothed densities at

redshifts z = 0.5, 1, and 2. In Fig. 2.3 we show the evolution of the distribution

of densities smoothed with σ = 1 h−1Mpc in comoving units (the simulation main-

tains a comoving volume of [250 h−1Mpc]3 at each time step). Fig. A.1 shows

the distribution of densities smoothed with σ = 4 h−1Mpc. Non-linear structure
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emerges more dramatically at low redshifts, evidenced by the increasingly asym-

metric peak at lower densities. Generally, we see that voids become less dense and

higher density regions become more dense with time. Material in voids empties

into walls, filaments, and nodes, which grow ever denser.

We note that Colombi et al. (1997) found a fitting function for the probability

distribution of density using perturbation theory, and Sheth (1998) found that

an Inverse Gaussian Distribution provided a good fit to the distribution of den-

sities from simulations with white noise initial conditions. Valageas & Munshi

(2004) developed a model for the evolution of the density probability distribution

function. However, our GEV fits appear to be more accurate.

2.4 Environmental Dependence of Halo Mass Func-

tions

We present halo mass functions at redshifts z = 0, 0.5, 1 and 2 for halos in

different density regions in Fig. 2.4. We define consistent density ranges at each

redshift by selecting percentile ranges of the smoothed CIC density values for the

entire simulation volume, where coloured lines are computed in percentile bins of

local environment density smoothed with σ = 4 h−1Mpc, while black lines indicate

the mass function of all distinct halos. For example, P = 45− 55% selects halos

with local densities equal to the median density of the entire simulation volume

(including the densities of regions without halos). These selection criteria have the

advantage of providing an intuitive and consistent definition for different redshifts,

while still sampling a fairly wide range of halo local densities. Nevertheless, due to

evolution in the distribution of local densities (Fig. 2.3), the population counts in

these density percentile ranges change with redshift. The distribution of halo local
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densities does not evolve in the same way that the whole volume does, since the

halo distribution is mass-weighted rather than volume-weighted (i.e. we are not

following evolution of voxels without halos). In general, the distribution of halo

densities is more similar to the full volume density distribution at higher redshifts

and for larger smoothing scales, and less similar at lower redshifts and smaller

smoothing scales. As redshift decreases, halos tend to move towards higher density

percentiles relative to the full volume densities. These trends are illustrated in

Fig. A.2. Still, we feel this approach is more consistent than using percentile bins

determined from halo densities alone, since it involves no choice of halo mass range.

Choosing percentile ranges from halo densities would first require the selection of

a halo mass range to use, which would have an arbitrary (user-defined) redshift

dependence.

We find that each density range has a characteristic mass, above which the

abundance of halos falls more rapidly. This characteristic mass increases monoton-

ically with density, and is highest in the highest density regions. The characteristic

mass for a given density range increases with decreasing redshift, and is highest at

z = 0. However, the characteristic mass range (from the highest to lowest density

regions) is narrower at high redshift than at low redshift. The slope of the mass

function above the characteristic mass for halos in the highest density regions at

z = 2 is also steeper than at z = 0. These differences reflect differences in the

evolution of the mass-weighted halo density distribution relative to the volume-

weighted full volume density distribution (Fig. A.2). At z = 0, we are probing

a more extremal population of halos in the very highest and very lowest density

regions compared to at z = 2. This effect is more pronounced in the highest

density population than the lowest density population.

Naturally, we are interested to know how well these halo mass functions in

22



different density environments agree with observational data. We have several

projects underway to address this topic. Using data from the Galaxy and Mass

Assembly (GAMA) survey, McNaught-Roberts et al. (2014) determined galaxy

local densities by counting surrounding galaxies within a sphere of 8 h−1Mpc, and

used them to compute galaxy luminosity functions in regions of different density.

In ongoing work, our group is using abundance matching to compute luminosity

functions in regions of different density, and comparing with data from the Sloan

Digital Sky Survey (SDSS) and GAMA survey. In a different approach, we are

using void density profiles from SDSS cosmic void catalogues (see, e.g. Sutter

et al., 2012) to assign local densities to galaxies in low-density regions of the

SDSS, which we can then use to test predictions from our simulations.

2.5 Correlations with Local Environment Den-

sity

2.5.1 Correlations at the present epoch

We turn our attention now to correlations between halo properties and local

density at z = 0. In Fig. 2.5, we show medians of correlations between local den-

sity parameters and NFW concentration (CNFW), Bullock spin parameter (λB),

and dynamically time-averaged specific mass accretion rate (Ṁ/M). Each col-

umn reflects a different halo mass range, while each row reflects a different halo

property. We chose mass bins such that we could compare halos below, at, and

above the characteristic mass MC of halos that are collapsing at z = 0, which

is 1012.70M� = 5.0 × 1012M� for the Planck cosmological parameters used in the

Bolshoi-Planck simulation (see Rodriguez-Puebla et al., 2016, Figure 9, for a plot

showing MC as a function of redshift). For each panel, different lines represent
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Figure 2.5: Medians of scatter in ρ− CNFW, ρ− λB, and ρ− Ṁ/M relationships
at z = 0, where ρσ is the local environment density smoothed on different scales
and ρavg is the average density of the simulation. Different coloured lines repre-
sent different smoothing scales. The shaded grey filled curve represents the 95%
confidence interval on the median, shown only for the characteristic smoothing
length σs,char = 1, 2, 4, and 8h−1Mpc for mass bins from left to right, respectively,
and provides an indication of sample size at different densities. Mass bins are
selected relative to the non-linear mass (log10MC = 1012.7M� at z = 0) to facili-
tate comparison between halos above, at, or below MC. We see that lower mass
halos occupy regions with a wide range of local densities, while higher mass halos
are restricted to higher density regions. Note also that larger smoothing scales
will shift the range of densities towards the average density, so equal smoothing
lengths should be used to compare density ranges for halos of different masses.
See Fig. 2.6 for a discussion of the trends seen in this plot.
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Figure 2.6: Medians of scatter in rank ordered distributions of ρ−CNFW, ρ− λB,
and ρ − Ṁ/M at z = 0. The vertical axes reflect the rank ordered percentile of
the medians in each density percentile bin, with respect to all distinct (central)
halos in the given mass bin. The shaded grey filled curve represents the 95%
confidence interval on the median, shown only for the characteristic smoothing
length σs,char = 1, 2, 4, and 8h−1Mpc for mass bins from left to right, respectively.
For halos less massive than MC, we see that concentrations tend to be lower in
lower density regions, except at the lowest densities, where they increase. Spin
parameters are maximized in median density regions, and decreased in high and
low density regions. Accretion rates are heavily suppressed in high density regions
and maximized in low density regions. For halos with Mvir ≥MC, the trends are
less dynamic and less well constrained due to low statistics, but show similar
relationships overall. Note that high mass halos are not found in low density
regions, so the trends observed represent trends in relatively high density regions
only.
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different smoothing radii used to determine the local density around halos. Due

to the close relationship between virial radius and halo mass, we’ve plotted only

smoothing radii that are greater than σs,min ∼ 4Rvir. We then define the char-

acteristic smoothing length as σs,char = 2σs,min, which provides a reliable picture

of local effects, while not being too much influenced by a halo’s own profile or

averaged out by larger smoothing scales. These characteristic smoothing radii

are, from left to right columns, σs,char = 1, 2, 4, and 8 h−1Mpc, respectively. To

avoid overly crowding plots with lower mass halos, we plot only smoothing radii

from σs = 1
2σs,char to 4σs,char. The curves with corresponding grey shading reflect

the 95% confidence interval on the median for the characteristic local density for

a given mass bin.

In addition to choosing smoothing radii sufficiently greater than the virial radii

of the halos, we balance each mass bin to have a flat mass-density relation. For

a given mass bin, this involves 2 dimensional sub-binning by halo mass and a

given local density parameter, then randomly eliminating halos from appropriate

sub-bins to force approximately equivalent mass distributions for each density sub-

bin (limited by the coarseness of the 2D sub-grid). We perform this procedure

uniquely for each mass bin - density smoothing radius pair used. If this procedure

is not done, the results would be contaminated by an underlying mass dependence,

which is noticeable at smaller smoothing radii but rather insignificant for larger

radii. Finally, we smooth the relations using a Gaussian filter with σ = b(Mvir),

where b(Mvir) is the size of the horizontal (density) bins in a given mass bin. So,

regions with wider density bins are smoothed with a larger σ than regions with

narrow density bins. We determine bin widths based on the number of halos in the

population under consideration, with better statistics allowing for smaller bins.

The resulting relations in Fig. 2.5 show some clear density dependence at
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lower masses, where the range of local densities probed is high, while the data at

high masses is comparatively flat and spans a narrower range of densities. The

significantly extended range of densities home to lower mass halos reflects that

these halos may be found in regions both underdense (voids) and very overdense

(clusters), while more massive halos tend to reside exclusively in higher density

regions. Additionally, lines representing different smoothing radii are shifted rel-

ative to each other, due to the averaging out of extreme densities with increasing

smoothing scale.

In order to more effectively analyse these correlations, we prepared an alternate

representation using percentilized axes. In Fig. 2.6, in a given mass bin, we’ve

rank ordered halos by density parameter and the plotted halo property. The

resulting curves represent the percentile ranks of the medians (determined relative

to the entire mass bin) of each halo property for a given density percentile rank.

This representation has the advantage of shifting and stretching the curves on

each panel to facilitate comparison between different smoothing scales and halo

masses. We also provide Fig. A.3 as a means of translation between Figs. 2.5 and

2.6, by relating actual values of halo properties to corresponding percentile ranks.

This percentilized form of correlations between halo properties and local density

will be the basis for much of our ensuing discussion.

In Fig. 2.6, we see that except in the lowest density regions, low mass halos

(Mvir < MC) have median concentrations that scale monotonically with increasing

local density. Surprisingly, we also find that low mass halos in the lowest 15%

of local densities have higher concentrations than halos in the roughly 20− 40th

percentile range. So, for halo masses less than the characteristic massMC, we find

halo concentration scales strongly with local density, with the caveat that concen-

trations go up in very low density regions. Halos at or above MC display a much

27



weaker correlation between density and concentration, though massive halos tend

to be more concentrated in lower density regions. For λB, we find that halos less

massive than MC in both high and low density regions have lower spin parameter

compared to halos in median density regions. More massive halos, however, tend

to have spin parameters that scale monotonically with local density. Lastly, all

halos tend to accrete less in higher density environments, though low mass halos

exhibit far stronger accretion suppression than massive halos. Interestingly, this

indicates that halos in low density regions (bottom 20% of densities) accrete more

rapidly than halos in higher density regions.

2.5.2 Redshift evolution of halo properties at different den-

sities

One of the principal analysis methods we’ve used to investigate the origins

of the trends in Fig. 2.6 is to examine the median evolution of halo properties

along the most massive progenitor branch (MMPB) of halos in regions of different

density at z = 0. In Figs. 2.7 and 2.8, for a given mass bin, we’ve selected all

halos in the 0− 10th, 45− 55th, and 90− 100th percentile ranges of characteristic

local density σs,char at z = 0 to represent halos in low, median, and high density

regions, respectively. Using the halo merger trees, we follow the MMPB of each

halo and record the properties of each progenitor. We then present the median

halo properties of the most massive progenitors of halos that end up in these

low, median, and high density regions at z = 0. Note that because the density

selections are made at z = 0, the progenitors of those halos are not guaranteed to

reside in similar density regions at higher redshifts. Once an MMPB mass drops

below the completeness threshold Mmin = 1010M�, we discard any remaining

progenitors from the analysis. This is done in order to exclude halos with low

28



particle counts that may have unreliable halo properties. The dark grey and light

grey shading reflect the 95% confidence interval on the median and the 20− 80th

percentile range of the halo property at a given redshift, respectively. These are

shown only for halos in median density regions at z = 0, though similar trends

apply to halos in low and high density regions at z = 0.

In order to minimize bias introduced by the longest lasting MMPBs (those that

remain aboveMmin out to higher than average redshifts), we implement a "median

preserving" approach. Tracing time backwards from z = 0, when a given MMPB

drops below Mmin, we determine the halo property rank of that MMPB’s earliest

eligible progenitor Pearliest (with Mvir > Mmin) with respect to all other eligible

halos at that time step. Then, in addition to eliminating further progenitors of

Pearliest, we eliminate progenitors of the MMPB with rank R′ = N − R, where N

is the total number of halo progenitors in consideration at the relevant redshift

and R is the rank of Pearliest. For example, if the earliest eligible progenitor Pi

of a given MMPB ranks in the 67th percentile in CNFW compared to all other

eligible progenitors at that redshift, then in addition to eliminating the remaining

progenitors of Pi, we eliminate any remaining progenitors of the MMPB that

ranks in the 100 − 67 = 33rd percentile in CNFW at that same redshift. This

procedure is applied uniquely for each halo property presented and provides a less

biased determination of the median properties of halo progenitors than a simple

low statistics cut-off. For example, if we naively plot the median mass evolution

of a group of halos, excluding progenitors that fall below 1010M�/h, the median

mass of the group will not fall below that threshold until every single halo in the

group has done so. Using the median preserving approach, however, the median

halo mass would fall below the threshold sooner, because high mass progenitors

would be paired off and removed along with low mass progenitors. Finally, each
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curve is smoothed using a Gaussian filter with smoothing σ = 2, 3, 6, and 10

time steps for mass bins from left to right columns, respectively. We discuss our

interpretation of Fig. 2.7 and related progenitor property figures in the following

sections.

2.5.3 Mass Accretion Rate

In Figs. 2.5 and 2.6, we use the dynamically time averaged specific mass

accretion rate, defined as

Ṁτdyn

M
= 1
M(t)

M(t)−M(t− τdyn)
τdyn

, (2.4)

while in Fig. 2.7 we use the instantaneous specific mass accretion rate, defined at

a given timestep ti, as

Ṁ

M
= 1
M(ti)

M(ti)−M(ti−1)
ti − ti−1

. (2.5)

See Rodriguez-Puebla et al. (2016) Appendix A for details about the timesteps

saved in the Bolshoi-Planck simulation we are using. In Fig. 2.6 we see that

except for the most massive halos, those in higher density regions have suppressed

accretion rates compared to halos in lower density regions. From Fig. 2.5, we can

additionally see that in very high density regions, the median accretion rates for

halos less massive than MC even become substantially negative, indicating a net

loss, or "stripping" of material from the halo. Accretion rates of halos in median

and low density regions tend to be very similar, if not marginally higher in low

density regions. It should again be noted that halos more massive that MC span

a much narrower range of local densities and have far poorer statistics compared

to less massive halos, resulting in typically less dynamic correlations between halo
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Figure 2.7: NFW Concentration, spin parameter, mass, and specific mass ac-
cretion rate histories for halos that end up in high (blue), median (black), and
low (red) density regions at z = 0. Halos are selected based on their percentile
rank in characteristic local density parameter (σs,char = 1, 2, 4, and 8h−1Mpc for
mass bins from left to right, respectively). Halos that are in the percentile ranges
P = 0−10, 45−55, and 90−100 represent halos in low, median, and high density
regions, respectively. The curves reflect median properties of the progenitors of
the z = 0 halo populations. The dark grey shading reflects the 95% confidence
interval on the median and the light grey shading reflects the 20− 80% dispersion
of each property, shown only for halos in median density regions. We see that low
mass halos in high density regions at z = 0 experienced rapid growth of concen-
tration and reduction of spin parameter at late times compared to halos in lower
density regions. Halos in high density regions also experienced sharp accretion
rate suppression and even mass loss at late times. Halos in low density regions at
z = 0 had slightly higher concentrations and consistently lower spin parameters
than halos in median density regions throughout most of their history. Halos in
low density regions accreted slightly less at early times and slightly more at late
times compared to halos in median density regions.31



properties and local density.

Fig. 2.7 Rows 3 and 4 show the evolution of virial mass and instantaneous

specific accretion rate for halos in low, median, and high density regions at z =

0. Halos in high density regions tend to have much more massive progenitors

compared to halos in median and low density regions and accrete material more

rapidly and sooner than halos in lower density regions. Halos in high density

regions also experience much lower accretion rates at late times.

In Fig. 2.9 Row 1, we plot the relation between local density and the half-

mass scale factor aM1/2 , used in this analysis as an indicator of halo formation

time. Consistent with the mass growth profiles from Fig. 2.7, we see that low

mass halos in high density regions form earlier than halos in lower density regions.

In Fig. 2.8 Row 1, we see that halos in high density regions at z = 0 experience

much higher tidal forces than halos in lower density regions, particularly at z <∼ 1.

Furthermore, Fig. 2.9 Row 3 shows that tidal force correlates strongly with local

density. Thus, tidal forces histories along the MMPBs of z = 0 halos are probably

closely related to their local density histories. For halos in high density regions

at z = 0, the strongly reduced median tidal force their progenitors experience at

redshifts z >∼ 1 indicates that those progenitors live in closer to median density

regions at earlier times, and only enter very high density regions at late times

(z < 1). Halos in high density regions at z = 0 thus form earlier and accrete

significant amounts of material sooner than halos in lower density regions, however

migration into very high density regions at z < 1 results in strongly reduced

accretion rates and even net mass loss among lower mass halos. Halos in high

density regions, corresponding to regions with strong tidal fields, have suppressed

accretion rates due to the reduced impact parameters infalling material would

require to be captured by the halo (Hahn et al., 2009a; Hearin, Watson & van den
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Bosch, 2015). Additionally, halos may lose weakly bound particles or those whose

orbits are sufficiently elongated.

Halos in lower density regions tend to have higher accretion rates than halos

in higher density regions, though this trend plateaus for halos in regions of less

than median density. One may expect accretion rates to be reduced in low density

regions, due to the presumably decreased amount of local material available for

accreting, but we find this is not the case. In fact, in Fig. 2.7 Row 3, we see that

halos in low density regions evolve from slightly less massive progenitors than

halos in median density regions, implying that halos in low density regions must

accrete more rapidly at late times to end up with the same z = 0 masses as halos in

median density regions. Indeed, in Fig. 2.7 Row 4, we see that the accretion rate

histories of these two halo populations are extremely similar, albeit with halos in

low density regions accreting marginally less at high redshifts (z >∼ 1) and slightly

more at low redshifts than halos in median density regions (consistent with the

mass growth profiles). Halos in low density regions experience consistently lower

tidal forces throughout their lifetimes than halos in median density regions. This

suggests that halos in low density regions may be able to accrete a larger fraction

of available surrounding material than halos in median density regions due to

decreased competition from neighbouring halos.

2.5.4 Concentration

In this paper, we use the Navarro, Frenk & White (1996, NFW) radial density

profile to define concentration,

CNFW ≡ Rvir/Rs, (2.6)
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Figure 2.8: Same as Fig. 2.7, but showing tidal force, virial radius (Rvir), scale
radius (Rs), and maximum circular velocity (Vmax). In order to efficiently compare
different mass bins, we normalize Rvir, Rs, and Vmax by the median values of the
median density population at z = 0. We see that halos in high density regions
at z = 0 experience strong tidal forces at late times, but significantly weaker
tidal forces at higher redshifts. Since tidal force correlates strongly with local
density, it seems halos in high density regions at z = 0 migrated from roughly
median density regions around z <∼ 2. Halos in high density regions at late times
evolved from halos with larger Rvir and Rs and higher Vmax compared to halos in
lower density regions, but experienced a dramatic reduction in scale radius at late
times. Halos in low density regions at z = 0 experienced consistently low tidal
forces throughout their evolution and somewhat lower scale radii than halos in
median density regions.
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Figure 2.9: Same as Fig. 2.6, but showing half-mass scale factor (aM1/2), scale of
last major merger (aLMM) and tidal force. We see that the percentilized aM1/2 − ρ
relation is roughly inversely proportional to the CNFW−ρ relation. Low mass halos
in high density regions typically formed earlier than halos in lower density regions,
except in the lowest density regions, where we see a downturn in aM1/2 . Low mass
halos in very low density regions most recently experienced major mergers at
earlier times than halos in higher density regions. We observe little correlation
between aLMM and local density above P(ρσ) ≈ 20. Tidal forces correlates strongly
with local density, suggesting we can use tidal force history as a reliable tracer of
local density history.
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where the scale radius Rs is determined by fitting a halo to the NFW profile,

ρNFW(r) = 4ρs
(r/Rs)(1 + r/Rs)2 . (2.7)

For halos with less than 100 particles, we revert to using the Klypin concentration

CKlypin (see, e.g. Klypin, Trujillo-Gomez & Primack, 2011; Rodriguez-Puebla et al.,

2016), which can be solved for numerically using a relationship between Vmax and

Mvir. Most of our analysis focuses on halos with more than 100 particles, except for

when we follow the progenitors of halos to high redshift (e.g. Fig. 2.7). However,

for comparison with Fig. 2.6, we also provide relations between CKlypin and local

density in Fig. A.5. We do not include halos below Mvir = 1010 h−1Mpc (∼ 70

particles) in any part of our analysis.

From Fig. 2.6 Row 1, we see that NFW Concentration (CNFW) of low mass ha-

los (Mvir < MC) scales monotonically with local density, except for in low density

regions, where we see an upturn in concentration. Higher mass halos (Mvir ≥MC)

display little correlation between concentration and local density, though it should

be noted that higher mass halos tend to be confined to higher density regions. The

fundamental questions raised here are: (1) why do low mass halos in high den-

sity regions have much higher concentrations; and (2) why do low mass halos in

very low density regions (P(ρσ) < 20) have higher concentrations than those in

somewhat higher density regions (P(ρσ) ≈ 20−50)? In order to understand these

trends, we now examine correlations between several additional halo properties

and local density, as well as the time evolution of halo concentration and related

halo properties in regions of different density.

First, we look at the correlation between halo formation time and local density.

We use the scale factor at which a halo first reached half its peak mass (aM1/2) as

an indicator of formation time. In Fig. 2.9 Row 1, we plot the relation between
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half-mass scale factor and local density, using the same method and plotting

styles as in Fig. 2.6. Especially for lower mass halos, we see that the relation

between half-mass scale factor and density is inversely proportional to the CNFW-

ρσ relation, even for the lowest density regions. This indicates that halos in higher

density regions generally formed earlier than those in lower density regions, with

the exception that halos in very low density regions (P(ρσ) < 20) typically formed

somewhat earlier than those in slightly higher density regions (P(ρσ) ≈ 20). If we

assumed a simple model for concentration evolution, such as CNFW ∝ (1 + z)−1

at fixed mass as in Bullock et al. (2001), then the inverse proportionality between

the CNFW − ρσ and aM1/2 − ρσ relations would seem consistent; halos in high

density regions have higher concentrations because they formed earlier, and thus

have had more time to grow CNFW. However, this conclusion assumes that halo

concentration evolves at the same rate in regions of different density, which, as we

will show, is not the case.

We plot in Fig. 2.9 Row 2 the relation between the scale factor of the last major

merger (aLMM) and local density. Overall the correlation is very weak, except for

low mass halos in very low density regions, where we see that halos typically last

experienced a major merger earlier than halos in higher density regions. The

downturn at low densities in the aLMM − ρσ relation roughly corresponds to the

downturn at low densities in the aM1/2−ρσ relation, upturn in CNFW, and downturn

in λB, indicating these may all be due to the same mechanism.

We now turn to the evolution of halo concentration in regions of different den-

sity. In Fig. 2.7 Row 1, we select groups of halos in high, median, and low density

regions at z = 0 and plot the median concentrations of their progenitors at each

time step. What we immediately see is that low mass halos in high density re-

gions have only recently (z <∼ 1) diverged sharply in concentration compared to
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halos in median and low density regions. In fact, we see that at higher redshifts

(z >∼ 1), the z = 0 high density halos had equal, if not slightly lower concen-

trations than halos that end up in median and low density regions at z = 0.

Clearly, low-mass halos in high density regions have drastically different rates of

concentration growth than halos in lower density regions at late times. Halos in

low density regions historically have slightly higher concentrations than those in

median density regions, though overall the difference between the two is slight.

However, we should keep in mind that from Fig. 2.6 Row 1 we see that the upturn

in concentration for halos in very low density regions occurs around P(ρσ) ≈ 20,

so by comparing low density (P(ρσ) = 5) to median density (P(ρσ) = 50), we are

somewhat obscuring the low density upturn. Nevertheless, there does seem to be

a systematic difference between concentrations histories of halos in median and

low density regions at z = 0. These results redirect our questions as follows: (1)

why do halos in high density regions at z = 0 exhibit drastically increased con-

centrations at late times compared to halos in lower density regions; and (2) why

do halos in low density regions at z = 0 have systematically higher concentrations

throughout most of their lifetimes?

Our next step is to break down the concentration evolution by examining the

evolution of virial radius Rvir and scale radius Rs, which are related by CNFW =

Rvir/Rs. In Fig. 2.8 Rows 2 and 3, we plot the evolution of virial radius and

scale radius for halos in regions of different density at z = 0. We see that all

halos have relatively similar virial radii (as one would expect, given that we have

normalized the mass-density correlation within each mass bin). Halos in high

density regions had larger virial radii at earlier times, reflecting that they evolved

from higher mass halos than the median and low density groups (see also Fig.

2.7 Rows 3 and 4 for accretion history comparison). However, the variation in
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virial radius between halos in different density environments does not significantly

contribute to the large concentration discrepancy at late times. This leaves the

scale radius, which indeed shows drastically different evolution between halos in

different density regions. Low mass halos (Mvir < MC) in high density regions at

z = 0 experience rapid scale radius growth at early times, followed by a plateau

around z = 1, and a sharp decline at late times. We see a similar growth and

plateau trend in median and low density regions, but no significant decrease in

scale radius. Additionally, low mass halos in low density regions have consistently

lower scale radii than halos in median density regions. This systematic difference

in scale radius growth rate between halos in median and low density regions at

z = 0 suggests there may be differences in the accretion histories of the two

populations, but as shown in Fig. 2.7 Row 4, the instantaneous accretion rate

histories are practically identical. However, we note that the redshift at which

the accretion rate of halos in high density regions crosses below the accretion rate

of halos in median and low density regions roughly corresponds to the redshift at

which the scale radii of halos in high density regions begins to decrease.

Since the scale radius represents the location at which the spherically averaged

density profile transitions from an inner ρ ∝ r−1 to an outer ρ ∝ r−3 dependence,

the differences in scale radius evolution indicate fundamental differences in the

evolution of halo density profiles in regions of different density. So, do halos in

high density regions really have scale radii that are shrinking (r−1 core physically

decreasing in size)? One way to probe structural changes to the central regions

of these halos is by looking at maximum circular velocity evolution Vmax, shown

in Fig. 2.8 Row 4. The systematically higher Vmax for halos in high density

regions is a reflection of their more massive progenitors. We see that low mass

halos in high density regions at z = 0 do display slightly decreased Vmax at late
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times, indicating some net loss of high energy particles from the central regions

of these halos. However, this is not a strong effect, and certainly not indicative

of a drastically reduced scale radius. This suggests that these halos likely have

density profiles that are evolving away from the NFW profile, resulting in a poor

NFW fit with artificially reduced Rs values. Indeed, most low mass halos in high

density regions have outer density profiles that fall off faster than r−3 (Avila-Reese

et al., 1999), presumably due to tidal stripping of material from the outer regions

of these halos. Forcing an NFW fit to these halos will tend to produce artificially

small Rs values, due compensation for the steep fall off of their outer density

profiles.

As shown by the halo mass evolution plot (Fig. 2.7 Row 3), low mass halos in

high density regions have dramatically reducedMvir at late times, due to negative

accretion rates (i.e., stripping of material from the halos). Halos in high density

regions tend to be much more stripped than halos in low density regions. Fur-

thermore, in Fig. A.7, we see that when halos that have lost more than 2% of

their peak mass are removed from the population, the median halo concentration

sharply decreases in high density regions, but changes little in median and low

density regions. This suggests that inflated concentrations in high density regions

are simply a consequence of the modified density profiles (and subsequently poorer

NFW fits) of halos that are undergoing extreme mass loss. While exceptionally

high concentrations correlate strongly with halos in very high density regions,

they are a poor and indirect descriptor of the properties of these halos. It would

be better to characterize these halos using a fitting function that properly fits

their outer regions. We are currently investigating how to best characterize halo

profiles in regions of different density and for halos that have been appreciably

stripped.
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There are only small differences in concentration evolution between halos in low

density regions and those in median density regions, suggesting that differences

in the median formation times may be the main reason for differences in the

median concentrations of these populations. Low mass halos in low density regions

typically formed earlier, and have had more time to increase their concentrations

compared to halos in median density regions. Early forming halos will also tend

to have higher central densities and smaller scale radii than late forming halos.

2.5.5 Spin Parameter

Next, we investigate the local density dependence of spin parameter. We

present results for both the Bullock spin parameter (Bullock et al., 2001) and the

Peebles spin parameter (Peebles, 1969a), defined as

λB = J√
2MvirVvirRvir

, (2.8)

and

λP = J |E|1/2

GMvir
5/2 , (2.9)

respectively, where J and E are the total halo angular momentum and energy,

and G is the gravitational constant. However, we focus our analysis on λB.

We see from Fig. 2.6 Row 2 that at z = 0 low mass halos (Mvir < MC) in

high density regions have lower spin parameters than halos in median density

regions. Similarly, halos in low density regions have distinctly lower λB than halos

in median density regions for all masses. We note that the downturn in spin

parameter for halos in low density regions occurs at roughly the same density as

the upturn in concentration for these same halos (Fig. 2.6 Row 1), suggesting that

the underlying cause of these trends may be related. The relation between local
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Figure 2.10: Same as Fig. 2.6, but showing prolateness at Rvir (P ), prolateness
at R500c (P500c), and the offset of halo center of mass from halo peak density
(Xoff). We see that prolateness measured at both Rvir and R500c monotonically
decrease with increasing local density density for all masses and all smoothing
scales. Prolateness is one of only a few halo properties (along with halo mass and
Tidal Force (Fig. 2.9 Row 3)) that exhibit a clear monotonic relationship with
with local density. That halos are more prolate at lower density may be because
they form along thinner filaments at lower densities. We find that for low mass
halos Xoff is lowest in high density regions and highest in median density regions,
indicating that halos tend to have more mass asymmetry in median density re-
gions and less in high density regions. The decrease of Xoff in higher density
regions parallels that of prolateness, so lower mass halos are rounder and better
centred at higher density, but the decrease of Xoff at low densities implies that the
increasingly prolate halos are also somewhat better centred at low density. The
parallel behaviour of Xoff and the half-mass scale factor (aM1/2 , Fig. 2.9 Row 1)
suggests a connection between Xoff and the timing of halo formation in regions of
different density. Note also the similar behaviour as a function of density of Xoff
and the spin parameters λB and λP (Fig. 2.6 Row 2 and Fig. A.8 Row 2).
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density and λP is very similar (Fig. A.5 Row 2), though with slightly higher λP

in high density regions compared to median density regions. We then focus our

analysis on the following questions: (1) why do lower mass halos in high density

regions typically have lower spin parameters compared to halos in median density

regions; and (2) why do halos in low density regions typically have lower spin

parameters than halos in median density regions?

One of the principal mechanisms for halos to acquire angular momentum is

through mergers (e.g., Vitvitska et al., 2002). Understanding the variation in halo

merger rate in regions of different density may be useful in explaining some of the

dependence of spin parameter on local density. From the correlation between scale

factor of the last major merger (aLMM) and local density, plotted in Fig. 2.9 Row

2, we see that halos in very low density regions last experienced a major merger at

earlier times than halos in median density regions. This suggests that halos in low

density regions may have lower spin parameters partly due to reduced frequency

of major mergers at late times compared to halos in median density regions.

However, halos in high density regions last experienced major mergers on very

similar time-scales to halos in median density regions, indicating that differences

in their spin parameter distributions must be a result of other mechanisms.

We now look at the time evolution of spin parameter for halos in different den-

sity regions at z = 0, plotted in Fig. 2.7 Row 2. Low mass halos in high density

regions at z = 0 have only recently developed reduced spin parameters; in fact,

before z ∼ 1 these halos had typical spin parameters equal to or greater than the

progenitors of halos in median density regions at z = 0. This reduction in spin pa-

rameter at late times for halos in high density regions appears coincident with the

increase in concentration and reduction in accretion rate relative to halos in lower

density regions, all of which likely stem from the relative increase in tidal forces
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around this same epoch. On the other hand, halos in low density regions display

consistently lower median spin parameters throughout their evolution than halos

in higher density regions. This indicates that the lower spin parameters in low

density regions originate early in the formation history of these halos. Halo forma-

tion in regions of lower local density may result in typically lower spin parameters

due to reduced tidal torques (Peebles, 1969a; White, 1984; Porciani, Dekel & Hoff-

man, 2002) compared to halos forming in higher density regions. High mass halos

display nearly constant median λB with redshift. We also show the time evolution

of the Peebles spin parameter (Fig. A.6), which displays similar differences be-

tween halos in different density environments, but has a different overall redshift

dependence than the Bullock spin parameter (Rodriguez-Puebla et al., 2016). We

reiterate that median trends should not be confused with individual halo evolu-

tion. Spin parameters of individual halos can fluctuate considerably throughout

their lifetimes due to accretion events and stripping.

In order to test the effect that halo stripping has on spin parameter, we plot in

Fig. A.7 the correlation between spin parameter and local density, excluding halos

that have lost more than 2% of their peak mass. While medians of spin parameter

are determined using only un-stripped halos, we compute percentiles relative to

all halos in order to make a fair comparison to the all-halo correlation (Fig. 2.6

Row 2). We see that in high density regions where stripping is most common,

halos that are not appreciably stripped have higher spin parameters. This effect

is most prominent for low mass halos, since higher mass halos are less likely to

be strongly stripped. Thus, the downturn in spin parameter for low mass halos

in high density regions is strongly correlated with these halos being stripped, a

process that is much less frequent in lower density regions.

We’ve seen that many halos in high density regions evolved from regions of
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lower density. The transition into very high density and high tidal force regions

results in suppression of accretion rates and eventual stripping of material from

the outer regions of many halos. Suppressed accretion rates are accompanied

by decreased spin parameters, possibly as a result of halos preferentially losing

eccentric, high angular momentum particles. Halos in low density regions have

occupied low density regions for most of their evolution. We suggest that the

underdense regions in which these halos formed exerted weaker tidal torques on

collapsing protohalos, which effectively set the typical spin parameter of these

halos. Spin parameter has high dispersion in all environments (Fig. A.4), and can

vary widely over the lifetime of an individual halo due to sensitivity to accretion

events such as major mergers. Nevertheless, low tidal torques exerted on halos

throughout their lifetimes seems to be a plausible explanation for the lower spin

parameters of low mass halos in low density regions at z = 0.

2.5.6 Prolateness

Finally, we take a look at how halo shape varies with environment density.

We’ve defined a new halo shape parameter, Prolateness, defined as

P ≡ 1− 1√
2

( b
a

)2

+
(
c

a

)2
1/2

, (2.10)

such that 1 − P is the magnitude of the vector ( b
a
, c
a
) normalized by 1√

2 , where

a, b, and 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). Prolateness ranges from 0 (perfect sphere) to 1 (maximally

elongated, i.e. a needle), with most halos falling somewhere in the range of 0.2−

0.6.
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Figure 2.11: Same as Fig. 2.7, but showing prolateness measured at Rvir (PRvir),
prolateness measured at R500c (PR500c), and the ratio of these two. We see that
all halos are more prolate at high redshift, and become less prolate over time.
Halos in high density regions at z = 0 tend to sphericalize more quickly than
halos in low density regions, which tend to sphericalize the slowest. This is true
for prolateness measured at both Rvir and R500c. The ratio PRvir/PR500c tells us
that since z <∼ 3, the outer regions of halos become rounder more quickly than
the inner regions. Additionally, lower mass halos in low density regions have the
least change in shape from the inner (PR500c) to outer (PRvir) regions since early in
their formation history, while halos in median and high density regions at z = 0
show a greater disparity between inner and outer shape throughout most of their
evolution.
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We see from Fig. 2.10 Rows 1 and 2 that prolateness measured at both Rvir

and R500c (where R500c/Rvir is typically about 0.7) decreases monotonically with

increasing density. Halos in low density regions are more prolate and halos in high

density regions are less prolate. Interestingly, this is true for all of the mass bins we

present, suggesting that a universal phenomenon underlies this relationship. We

attribute the rounder halos in high density regions partly to stripping by massive

neighbours. Tidal stripping would tend to preferentially remove loosely bound

particles with more elliptical orbits, resulting in rounder halos. However, we would

expect this to more dramatically affect PRvir than PR500c , which does not seem to

be the case. PR500c is equally, if not slightly more correlated with density than

PRvir , especially in high density regions. This suggests a more general phenomenon

may govern the evolution of halo prolateness, such as accretion geometry. Total

accretion rate (Fig. 2.6 Row 3) displays a similar relationship as prolateness

from median to high density regions, but is largely flat for halos in regions below

median density. We expect then, that prolate halos in low density regions differ

from rounder halos in higher density regions by the nature of how they accrete

material, but not their total accretion rate. For example, halos in low density

regions may accrete a larger fraction of material along a preferred axis, or reside in

thinner filaments, compared to halos in median density regions, which would tend

to build prolate halos (e.g., Allgood et al., 2006; Vera-Ciro et al., 2011; Despali,

Giocoli & Tormen, 2014; Despali et al., 2016). Halos in high density regions may

be rounder due to a combination of more isotropic accretion of material, and tidal

stripping of material with highly eccentric orbits. Altogether, these trends pose

one primary question for clarification: is there a single underlying mechanism that

drives the relationship between local density and halo prolateness?

Looking at the evolution of halo prolateness for halos that end up in different
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density regions at z = 0 (Fig. 2.11), we see that all halos grow less prolate with

time, but those in higher density regions do so more rapidly than those in lower

density regions. This is true for prolateness measured at both Rvir and R500c, and

forMvir
<∼MC. We note that shapes of halos in high density regions at z = 0 begin

to diverge from those in median density regions around redshift (z ∼ 1.5), which is

roughly when these halos begin to experience dramatically higher tidal forces (see

Fig. 2.8 Row 1). Low mass halos in low density regions begin to sphericalize at a

slower rate than halos in median density regions early in their evolution (z ∼ 2.5).

Overall, we observe a gradual divergence in sphericalization rate between halos in

high density regions and those in low density regions, starting around z ∼ 1.5−2.5

for halos less massive than the critical massMC. This contrasts with certain other

halo properties, such as CNFW and λB, where we see sharp deviations at late times

for halos that end up in high density regions. Since we expect tidal stripping to

be chiefly responsible for these sharp trends in CNFW and λB, the absence of

dramatic differences in prolateness at late times suggests tidal stripping may not

be the main underlying reason for halos rounding out most rapidly in high density

regions.

In Fig. 2.11 Row 3, we plot the evolution of the ratio of prolateness measured

at Rvir to prolateness measured at R500c. This gives us a sense for how the shape

of the inner region of the halo is changing relative to the outer region. The ratio

Rvir/R500c is less than unity; it is well known (e.g., Allgood et al., 2006) that halos

are somewhat more prolate at smaller radii. In general, we see that the outer

regions of halos tend to sphericalize more rapidly than the inner regions (at least,

for z <∼ 4). For low mass halos, we see that those in low density regions have less

difference between their inner and outer shapes for most of their history compared

to those in higher density regions. The slight bump that halos moving into high
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density regions experience at late times (z ∼ 0.25) indicates a rapid "inside-out"

rounding – initially their inner regions, followed by subsequent rounding of the

outer regions. We expect this phenomenon to be related to harassment by more

massive halos and tidal stripping.

Overall, we find that halos in high density regions at z = 0 are rounder than

those in low density regions, but have a greater difference between their inner

(more prolate) and outer (less prolate) shapes. We expect that the nature of

the accretion rate of halos (including where they are located in the cosmic web)

underlies these differences, but that tidal stripping from massive halos in high

density regions also plays a part in modulating halo shape.

2.6 Discussion and Conclusions

We investigate how properties of distinct dark matter halos in the Bolshoi-

Planck simulation depend on the density of their surrounding environment. We

determine local densities using a CIC method of counting particles on a 10243 grid

and then smoothing with a Gaussian kernel with several different smoothing radii.

In §2.3, we plot distributions of cosmic densities and find that they are well fit

by a Generalized Extreme Value Distribution. We find that at smaller smoothing

scales, the density distributions peak at lower densities and sample more non-

linear structure (voids) than larger smoothing scales, which peak closer to the

average density of the simulation and span a narrower total range of densities.

In §2.4, we present halo mass functions in different density regions for z = 0,

0.5, 1, and 2. We find that mass functions in lower density regions have lower

characteristic masses than in higher density regions. The mass functions extend

to higher masses and have higher characteristic masses at low redshift, especially

in high density regions, but otherwise evolve little from z = 2 to z = 0.
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§5 begins by summarizing correlations between various halo properties and the

environmental density around the halo, and the redshift evolution of halo prop-

erties at different densities. In §2.5.3 through §2.5.6, we present results on how

halo mass accretion rate (Ṁτdyn/M), NFW concentration (CNFW), spin parameter

(λB), and shape (P ) depend on the local density smoothed on several length scales

around the halos. For each halo mass range we choose a characteristic smoothing

scale that is at least 8 times greater than the typical virial radii of the halos,

allowing us to capture local effects that are lost when smoothing on larger scales,

while not being too influenced by the halos’ own density profiles. In Fig. 2.5 we

plot the relationship between local density and CNFW, λB, and specific accretion

rate, which we plot again but in percentilized form in Fig. 2.6. We find that

low mass halos (Mvir < MC) in high density regions accrete significantly less than

halos in lower density regions. The median accretion rate in the highest density

regions even drops below zero, indicating that a majority of low mass halos in very

high density regions are losing mass due to being tidally stripped by nearby mas-

sive neighbours. Halos in low density regions accrete at similar rates as those in

median density regions. Higher mass halos have a less dramatic drop in accretion

rate in high density regions for two reasons:

1. The highest mass halos are the ones stripping the lower mass halos, and so

should have high accretion rates, unless they are in the vicinity of an even

more massive halo. Also, massive halos tend to be physically separated from

other massive halos, making them less likely to be stripped.

2. High mass halos occupy exclusively high density regions. Any trends ob-

served will then only span a narrow range of densities, and be limited in

dynamic range as a result.

These points (lack of stripping and narrow range of mostly higher than average
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densities) account for the main differences between halos below MC and above

MC for most of the halo property–density relations we observe.

Maulbetsch et al. (2007) found that halos of the same final mass accreted

their mass earlier in denser environments, and also accreted a significantly higher

fraction of their mass in major mergers. We have not investigated the fraction

of mass accreted in major mergers in this work, but do find that halos accreted

their mass earlier in high density regions. Since halos in high density regions have

suppressed accretion rates at z = 0, their progenitors must be more massive than

the progenitors of halos in lower density regions, and thus will have formed earlier

on average. Since the total accretion rate of halos in low density regions is similar

to halos in median density regions, we expect that the fraction of mass accreted

in mergers may play a role in differentiating halo properties in low and median

density regions.

In §2.5.4, we find that low mass halos in high density regions have dramatically

higher NFW concentrations than halos in lower density regions. This trend has

been well established in the literature (e.g., Bullock et al., 2001; Avila-Reese et al.,

2005; Macciò et al., 2007), and is primarily caused by tidal stripping. This tends

to remove material from the outer regions of halos, resulting in steeper outer pro-

files, poorer NFW fits, and hence artificially reduced scale radii and raised NFW

concentrations. We find that the minimum median concentration varies with lo-

cal density, and is in lower density regions for lower mass halos. In the lowest

mass bin (Mvir = 1011.2M�), halos in the lowest density regions have concentra-

tions about 30% higher (about 10% difference in percentile) than the minimum

median concentration, which is around the 20th percentile in local density. We

find a corresponding decrease in half-mass scale factor (earlier formation time)

in low density regions, and also see that halos in low density regions have had a
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consistently elevated median concentration compared to halos in median density

regions. This suggests that the halos in the lowest density regions formed earlier

on average and have had more time to grow their concentrations than halos in

somewhat higher density regions.

We find that the spin parameter (§2.5.5) is about 30% lower in the lowest

density regions than in median density regions for all halo masses. Furthermore,

halos in the lowest density regions have had consistently lower spins (Fig. 2.7),

and experienced consistently lower tidal forces (Fig. 2.8) throughout their evolu-

tion. The magnitude of this effect is similar to that of the increase in concentration

in the lowest density regions, and so may be related to differences in the nature

of the accretion histories of halos in different density regions (amount of mate-

rial accreted in lumps, etc.). The systematic offset in median spin parameter

is a reflection of the lower tidal torques exerted on halos in low density regions

throughout their evolution. We therefore expect that low mass halos with lower

spins in low density regions would tend to host rotationally supported galaxies

with less extended disks, and possibly also smaller early-type galaxies as well (e.g.,

Kravtsov, 2013). This could be observationally tested by comparing galaxy sizes

and morphologies at the same stellar mass in low and median density regions.

In high density regions, we find that low mass halos have reduced spin param-

eters and high mass halos have increased spin parameters compared to halos in

median density regions. Low mass halos tend to be heavily stripped in high density

regions at z ∼ 0 (Fig. 2.5). We expect that tidal stripping preferentially removes

the high angular momentum particles from the outer regions of halos, reducing

their spin parameters. This role of tidal stripping in suppressing spin parameter

is supported in Figs A.7 and A.8, where we see that low mass halos that have

not been appreciably stripped do not have lower spin parameters in high density
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regions than in median density regions. Because this stripping occurs mainly at

low redshift, after most galaxy formation has ended in central galaxies in low mass

halos in dense regions, we do not expect that it will affect the sizes of these galax-

ies. Wang et al. (2011a) found that halos in higher tidal field environments and

in higher density environments (smoothed in spheres of radius 6 h−1Mpc) have

higher spins, with the trends stronger for higher mass halos. This is consistent

with our results for halo masses >∼MC. We would expect to see some downturn

in spin in high density regions for their lowest mass bin (Mvir = 1012−1012.5 M�),

but this would be a quite small effect and is likely within the statistical error of

the analysis. We see stronger suppression of spin in high density regions for lower

masses (and smaller smoothing scales) than studied by Wang et al. (2011a).

We find in §2.5.6 that halo prolateness is monotonically dependent on den-

sity. Halos in the lowest density regions are typically the most elongated at both

Rvir and R500c, become rounder at the slowest rate, and have the least change

between inner (R500c) and outer (Rvir) shape throughout their evolution. Halos in

the highest density regions are the roundest at both radii measured and spheri-

calize the most rapidly, but have a relative change between inner and outer shape

consistent with halos in median density regions. We also see that more massive

halos tend to be more elongated at a given redshift, and have less relative change

between inner and outer shape than lower mass halos. These results are largely

consistent with other works that have studied how halo shape varies with radius

(or overdensity within the halo) and evolves over time (e.g., Allgood et al., 2006;

Vera-Ciro et al., 2011; Despali, Giocoli & Tormen, 2014; Despali et al., 2016),

which find that the shape of a shell at a given overdensity reflects the nature of

the accretion at the epoch when that shell primarily assembled. Early in their

evolution, halos tend to build elongated shells due to highly directional accretion
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along narrow filaments in lower density regions. As their host filaments grow

thicker, they experience more isotropic merging and overall suppressed accretion

of fast moving material and tend to build more spherical shells in higher density

regions (see, e.g. Borzyszkowski et al., 2016). In future work, we intend to further

investigate how halo properties correlate with their location in the cosmic web.

The results we present in this paper are consistent with Avila-Reese et al.

(2005), which found that halos in cluster environments had lower spin parame-

ters, higher concentrations, and are more round than halos in the field. Macciò

et al. (2007) found that higher-concentration low-mass halos are found in denser

environments, and lower-concentration ones in less dense environments, which

helps to explain assembly bias, i.e. that higher-concentration early-accreting ha-

los with mass Mvir < MC are more clustered (Gao, Springel & White, 2005; Gao

& White, 2007; Wechsler et al., 2006). However, they found only a weak depen-

dence of mean axis ratio on environment (with high density regions having slightly

rounder halos), and no significant difference in spin parameter in different density

regions. This is not inconsistent with our results, but highlights the necessity for

better statistics to adequately constrain trends in regions of extreme high and low

density, especially for high dispersion halo properties like spin parameter.
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Chapter 3

Halo Mass Loss

3.1 Background

In the modern ΛCDM standard cosmological paradigm, galaxies form and

evolve within dark matter halos (reviewed in Frenk & White, 2012; Primack,

2012). Determining the evolving properties of the halos is therefore important

for understanding the formation of galaxies in the expanding universe. Ever since

simulations were first able to resolve dark matter halos (e.g., Navarro, Frenk &

White, 1996) there have been studies of the abundance and other properties of the

halos—for example, from the Millennium Simulations (Bett et al., 2007, 2010; Lud-

low et al., 2013), the first large high-resolution cosmological simulations. Other

simulations have been used to investigate how halo properties are affected by their

environments (e.g., Hahn et al., 2007b,a; Wang et al., 2011b; Paranjape, Hahn &

Sheth, 2018, and papers cited there) and by their mass assembly histories (e.g.,

Wong & Taylor, 2012). Here we use analysis of halo properties in new large cosmo-

logical simulations based on the Planck (Planck Collaboration et al., 2014b, 2016)

cosmological parameters, the Bolshoi-Planck and MultiDark-Planck simulations

(Klypin et al., 2016b; Rodríguez-Puebla et al., 2016, and references therein).
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The general expectation has been that dark matter halos typically grow in

mass with cosmic time, for example with the mass at any redshift z approximately

given by M(z) = M(0) exp(−αz), where α ∼ 0.8 is fit to individual halo growth

trajectories (e.g. Wechsler et al., 2002b; Dekel et al., 2013; Rodríguez-Puebla et al.,

2016, 2017, and references therein). However, Lee et al. (2017) showed that in

regions of high dark matter density, most low-mass halos are actually losing mass

due to tidal stripping. But although some halos lose rather than gain mass, until

the present paper there has not been any detailed investigation of the causes and

consequences of halo mass loss. As we will show, there are two main causes of

halo mass loss: relaxation after major mergers and tidal stripping.

After a halo major merger (i.e., with the merging halos having mass ratio

greater than 0.3 to 1), the virial ratio of the kinetic and potential energies T/|U |

of the resulting halo is often initially considerably larger than the virial value

0.5. As the halo relaxes toward virial equilibrium, a small fraction of its mass,

typically ∼10%, moves beyond the virial radius. This includes a large fraction

of the higher angular momentum material, and as a consequence the halo spin

parameter λ decreases, as shown by D’Onghia & Navarro (2007). An example

of halo mass loss after a major merger was demonstrated and briefly discussed

in Behroozi et al. (2015, Section 5.2), and the phenomenon was also mentioned

in Behroozi, Loeb & Wechsler (2013). As we will see, this post-merger mass loss

phenomenon is rather common.

Tidal stripping of subhalos has been extensively discussed in the literature

(e.g. van den Bosch, 2017, and refererences therein), but here we concentrate on

distinct halos. Tidal stripping of distinct dark matter halos that are close to

(or pass through) more massive halos has been discussed in the literature Hahn

et al. (2009b); Behroozi, Loeb & Wechsler (2013); Behroozi et al. (2014); Hearin,
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Behroozi & van den Bosch (2016). It can lead to more than 10% mass loss,

sometimes much more. This affects only a relatively small fraction of the halos

except in dense regions, where most halos with mass <∼ 1012M� suffer significant

mass loss.

Interestingly, the effects of these two halo mass loss mechanisms are nearly

orthogonal. As we will show, halos suffering mass loss after a major merger

typically have lower concentration and higher spin and prolateness than average,

while halos that are significantly tidally stripped have higher concentration and

lower spin and prolateness.

For a study like ours, it is essential to use the analysis of a large simulation for

which all halos have been found at many time steps and the merger history of each

halo has been determined. Inevitably, the results of the study of halo properties

and their evolution reported here depends on the halo definition used. Here for

the halo mass and radius we use the virial definition (see, e.g., Rodríguez-Puebla

et al., 2016). The halo concentrations, spins, and other halo properties would be

different if we had used another halo definition (though it is straightforward to

map one concentration definition to another, once the associated halo profiles are

specified). It would certainly be useful to compare the results reported here with

those that follow from other halo property definitions, when such results become

available.

This paper is organized as follows. In §2 we discuss the simulations and meth-

ods used, including definitions of key concepts that we use, including tidal force

TF, halo concentration CNFW, and prolateness P . §3 discusses the frequency,

causes, and consequences of mass loss, with §3.1 emphasizing halos mass loss af-

ter major mergers and §3.2 focussing on tidal stripping. We recommend that

readers skip ahead to Figures 13 and 14, which show typical behaviours of many
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halo properties after major mergers and after tidal stripping. §4 presents our

Discussion and Conclusions.

3.2 Simulations and Method

In this paper we study the halos in the Bolshoi-Planck simulation (Klypin et al.,

2016b; Rodríguez-Puebla et al., 2016), which have been analyzed using the Rock-

star halo finder (Behroozi, Wechsler & Wu, 2013) and the Consistent Trees

formalism (Behroozi et al., 2013b) for constructing halo merger trees. The cosmo-

logical parameters for the Bolshoi-Planck simulation were ΩΛ,0 = 0.693,ΩM,0 =

0.307,ΩB,0 = 0.048, h = 0.678, ns = 0.96 and σ8 = 0.823. The halo masses studied

are given by

Mvir = 4π
3 ∆virρmR

3
vir, (3.1)

where ∆vir is given by the Bryan & Norman (1998) fitting formula ∆vir(z) =

(18π2 + 82x − 39x2)/Ω(z), where Ω(z) is the ratio of mean matter density ρm

to critical density ρc at redshift z, and x ≡ Ω(z) − 1. Using other halo mass

definitions (e.g., splashback radius More, Diemer & Kravtsov, 2015) and/or other

halo finders would lead to different results (e.g. Behroozi et al., 2015), but we do

not consider such alternatives in this paper since doing so would require reanalysis

of the many timesteps of a large simulation.

The outputs from the 178 saved timesteps of the Bolshoi-Planck simulation

analyzed by Rockstar are discussed in Rodríguez-Puebla et al. (2016, especially

the Appendices), and they can be downloaded from the UCSC Hyades astronom-

ical computer system.1 Here we summarize the definitions of the halo properties

that we study in this paper.
1http://hipacc.ucsc.edu/Bolshoi/MergerTrees.html
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• NFW concentration CNFW is defined as

CNFW = Rvir

Rs

, (3.2)

where the Navarro, Frenk & White (1996, NFW) profile is given by

ρNFW(r) = 4ρs
(r/Rs)(1 + r/Rs)2 . (3.3)

The scale radius Rs is the radius where the logarithmic slope of the density

profile is -2. The NFW profile is completely characterized by two parameters,

for example ρs and Rs, or alternatively the halo massMvir and concentration

parameter cvir.

• Maximum circular velocity Vmax is the maximum of [GM(< r)/r]1/2 at any

radius r < Rvir, where M(< r) is the mass enclosed by spherical radius r.

• Bullock spin parameter λB is defined following Bullock et al. (2001) as

λB = J√
2MvirVvirRvir

, (3.4)

The distribution and redshift dependence of λB is discussed in Rodríguez-

Puebla et al. (2016) and Somerville et al. (2018, Appendix B) and compared

with that of the Peebles (1969b) spin parameter

λP = J |E|1/2

GM
5/2
vir

, (3.5)

where J and E are the total angular momentum and the total energy of a

halo of mass Mvir.

• Scale factor of the last major merger aLMM is the scale factor a = (1 + z)−1
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of the most recent merger with halo mass ratio greater than 0.3 to 1 along

the halo’s largest progenitor track.

• Tidal Force (TF) experienced by a halo is calculated as the strongest tidal

force from any nearby halo, in dimensionless units (Rhalo/RHill). The Hill ra-

dius (see, e.g., Hahn et al., 2009b; Hearin, Behroozi & van den Bosch, 2016) is

the radius within which material can remain gravitationally bound to a sec-

ondary halo. It is given by RHill = D(Msec/3Mprim)1/3 = Rsec(D/31/3Rprim),

where the primary (secondary) halo is the larger-virial-radius (smaller-virial-

radius) halo of a pair whose centers are separated by distance D.

• Prolateness is defined as

P ≡ 1− 1√
2

( b
a

)2

+
(
c

a

)2
1/2

, (3.6)

such that 1−P is the magnitude of the vector ( b
a
, c
a
) normalized by 1√

2 , where

a, b, and c are the lengths of the largest, second largest, and smallest triaxial

ellipsoid axes, respectively. Prolateness ranges from 0 (perfect sphere) to 1

(maximally elongated, i.e. a needle), with most halos falling somewhere in

the range of 0.2− 0.6. We will plot the Prolateness of halos both within the

virial radius Rvir and the radius R500c enclosing average density 500 times

critical density ρc = 3H2/(8πG), where H = ȧ/a is the Hubble parameter.

• Xoff is the offset of the density peak of a halo from its center of mass within

Rvir, in units of h−1 kpc.

• Doff = Xoff/Rvir.

• Virial ratio T/|U | is the ratio of kinetic energy T to potential energy |U |.

According to the virial theorem, a fully relaxed halo has T/|U | = 0.5.
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• Environmental density ρσ is the local environment density smoothed on

different scales (σ) and ρavg is the average density of the simulation. (See

(Lee et al., 2017) for details.)

As in Lee et al. (2017), in this paper we will plot halos in four mass bins,

corresponding to log10Mvir/(h−1M�) = 11.2± 0.375, 11.95± 0.375, 12.7± 0.375,

and 13.45 ± 0.375. The lowest mass z = 0 halos in our analysis still contain

roughly ∼ 450 particles to minimize noise introduced from low particle counts.

As shown in Rodríguez-Puebla et al. (2016), Mvir = 1012.7h−1M� is the mass of

1σ fluctuations just collapsing at z = 0, and the other mass bins are separated

by 100.75h−1M�. As in Lee et al. (2017), we quote the environmental density ρσ

smoothed at 1 h−1Mpc for halos in the lowest mass bin, 2 h−1Mpc in the next

mass bin, 4 h−1Mpc in the next mass bin, and 8 h−1Mpc in the highest mass bin;

these radii are large enough that the central halo has little effect on the density.

3.3 How mass loss affects halo properties

We first motivate our analysis of mass loss mechanisms and how they affect

halo properties by looking at how common mass loss is among distinct halos at

z = 0. In Fig. 3.1, we plot the cumulative distribution of the mass loss fraction

(Mvir/Mpeak), which describes how much of a halos’ maximum mass remains at

z = 0. For many halos this fraction is 1 (or, their maximum mass is their current

mass). We will consider halos to be “diminished” when they have experienced mass

loss. Halos that have lost more than 5% of their mass since their peak mass are

appreciably diminished. We will generally consider halos that have lost less than

5% of their mass since their peak mass to belong to the group of undiminished – or

normal – halos. This distinction between diminshed and normal halos is provided
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Figure 3.1: Cumulative distribution function of mass loss fraction for distinct
halos. We divide our halos into 4 mass bins of width ∆ log10 µ = 0.75. Lower
mass halos have typically lost more mass than higher mass halos. The fraction
of halos that have experienced appreciable mass loss (greater than 5% since their
peak mass) ranges from roughly 12% (highest mass bin) to 22% (lowest mass bin).
Roughly 5% of low mass halos have experienced dramatic mass loss (> 30% since
Mpeak), while very few high mass halos have.
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Figure 3.2: Median z = 0 relations between mass loss fraction and NFW con-
centration (CNFW), Bullock spin parameter (λB), prolateness (P), scale factor of
last major merger (aLMM), tidal force (TF), and local density (ρσ). We use the
same mass bin definitions as in Fig. 3.1. We include only distinct halos. Light
grey shading reflects the 20-80th percentile dispersion, while dark grey shading
indicates the 95% confidence interval on the median, shown only for the lowest
mass bin. Halos that have lost a small amount of mass (5 − 15% for low mass
halos) tend to have lower concentrations, higher spin parameters, and are more
prolate compared to halos that have not lost mass. Conversely, halos that have
experienced more dramatic mass loss (> 20% for low mass halos) display the op-
posite behaviour: they have lower concentrations, lower spin parameters, and are
more spherical compared to halos that have not lost mass. Additionally, halos
that have lost a small amount of mass are much more likely to have experienced a
recent major merger, while halos that have experienced dramatic mass loss tend to
experience higher tidal forces and live in significantly higher density regions than
halos that have not lost mass. These trends are most pronounced for lower mass
halos. The competing trends between weak and dramatic mass loss are subdued
and the transition occurs at higher mass loss fractions for higher mass halos.
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by the vertical dotted black line in Fig. 3.1. We see that the lowest mass bin is

composed of roughly 22% diminished halos, while the highest mass bin contains

about 12%. We haven’t yet established at what degree of mass loss other halo

properties are noticeably affected, but clearly a significant fraction of halos are

potentially subject to these effects. An additional point to establish is that mass

loss is more common for lower mass halos. High mass halos rarely experience

dramatic mass loss, while roughly 5% of low mass halos have lost more than 30%

of their mass since their peak mass.

To begin understanding how mass loss affects other halo properties, we plot

in Fig 3.2 relations between the mass loss fraction (Mvir/Mpeak) and several halo

properties. Each panel presents medians of the given relation for each of the four

halo mass bins (we use the same four mass bins throughout this analysis). For

the lowest mass halos we show the 20 − 80% dispersion with light grey shading

and the 95% confidence interval on the median in dark grey shading. Higher mass

halos may have similar dispersions, but will have wider confidence intervals (not

shown) due to having fewer halos. High mass halos also do not extend to very

low values ofMvir/Mpeak since they rarely lose more than about 30% of their peak

mass. We observe similar trends in spin parameter, prolateness, and (inverted)

concentration as a function of mass loss fraction. In each of these properties we

identify a change in one direction coincident with a moderate amount of mass loss,

along with a change in the opposite direction for heavily diminished halos. For

halos in the lowest mass bin this turnaround occurs at a mass loss level of roughly

10% Mpeak; for higher mass halos the turnaround is more gradual and shifted

towards higher levels of mass loss. Overall, we see that low mass halos that have

lost between 5 − 15% Mpeak have lower concentrations, higher spin parameters,

and are more prolate than normal halos, while those that have lost more than
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15% Mpeak have increasingly higher concentrations, lower spin parameters, and

are more spherical than normal halos.

Looking at the remaining panels of Fig. 3.2, we see that moderately diminished

halos are far more likely to have had a recent major merger than normal halos. At

least for low mass halos, there is a strong peak in the typical aLMM coincident with

a mass loss of about 15% Mpeak, while normal halos experienced very few recent

major mergers. This suggests that merging history may play an important role

in influencing these halo properties, especially in the moderate mass loss regime,

where we observe the strongest correlation with aLMM.

Finally, in the bottom two panels of Fig. 3.2, we show the relations between

tidal force, local density and mass loss fraction. We see a monotonic relationship

with mass loss fraction in both cases and for all mass bins. Halos that have

lost more mass tend to be experiencing stronger tidal forces and are found in

higher density regions than those that have lost less mass. We note that the tidal

force we’ve used is an approximation of the true tidal force, since for each halo

we consider only the force from the single most tidally influential nearby halo.

The local density, however, is computed by smoothing the particle data from the

simulation, providing an accurate indication of the density of the surrounding

environment. We expect that the plateauing of the tidal force for halos that have

lost more that about 40% Mpeak is an artifact of our approximation method, and

that the true tidal force would scale more linearly with mass loss fraction, as does

the local density.

Given these relationships between the intensity of halo mass loss and other halo

properties, we found it natural to propose two distinct mass loss mechanisms:

1. mass loss due to relaxation after a recent major merger, and

2. mass loss due to tidal stripping in very high density environments.
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These two mechanisms are not exclusive, and in (somewhat rare) cases can both be

contributing to mass loss simultaneously. To quantify these processes, we divide

all halos in each mass bin into one of four groups, labelled as follows:

• Tidal Stripping (TS): potentially subject to tidal stripping (has experienced

tidal force > 1 sinceMpeak), but has not experienced mass loss from a recent

major merger (aLMM < 0.45);

• Relaxation (R): not subject to tidal stripping, but potentially subject to

mass loss during the relaxation period following a recent major merger

(aLMM > 0.45);

• Tidal Stripping + Relaxation (TS+R): potentially subject to both tidal

stripping and relaxation mass loss following a recent major merger;

• Neither (N): does not satisfy conditions for either mass loss mechanism.

Note that we have not yet imposed any selections based on mass loss directly.

Each of these groups contain halos that cover a broad range of mass loss levels,

including zero mass loss. In certain subsequent figures, we’ll specifically select

diminished halos (those that have lost > 5% of their peak mass) from these groups

to emphasize the effects of each mass loss mechanism.

In Fig. 3.3, we show a visual representation of how these groups are organized

(with shape areas representative of the mass bin centred on log10Mvir/M� = 11.2);

additionally, in Fig. 3.4 we show how many diminished halos fall into each of these

groups for each of the four mass bins in our analysis. We find that low mass halos

are the most likely to be potentially subject to tidal stripping alone (about 23% of

halos in our lowest mass bin are in group TS compared to only about 2% of halos

in the highest mass bin). However, high mass halos are more commonly subject

to major merger induced mass loss (about 67% of halos in our highest mass bin
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are in group R compared to only about 39% of low mass halos). Few halos are

potentially subject to both mass loss mechanisms (group TS+R), with the total

ranging from 15% of low mass halos to only 7% of high mass halos. The combined

fraction of halos that are potentially subject to these two mass loss mechanisms

(groups R, TS, and TS+R) is about 77% for all mass bins.

3.3.1 Post-Merger Relaxation and Mass Loss

The most common mass loss mechanism for dark matter halos is the shedding

of excess high energy material in the aftermath of a halo merger event. From

Fig. 3.4 we can see that halos with a recent major merger but no recent history

of high tidal force (group R) are by far the most common group of mass loss

candidates. In Fig. 3.5, we show the cumulative distribution functions of the

mass loss ratio for all halos in groups N, TS, and R to highlight the distribution

of diminished halos among those that, respectively, do not appear to be influenced

by tidal or post-merger mass loss, are susceptible to tidal stripping exclusively,

and are susceptible to post-merger mass loss exclusively. We additionally plot in

the right column the minimum mass loss fraction since the peak mass for halos

in groups N and TS and since the scale factor of the last major merger for halos

in group R. We see that about 6% (low mass) – 8% (high mass) of group N halos

have lost more than 5% of their peak mass at z = 0, a much lower fraction than

the 12− 22% of all halos (Fig. 3.1). Essentially no group N halos have lost more

than 20% of their peak mass. Clearly, removing halos associated with possible

mass loss mechanisms (groups TS, R, and TS+R) also removes the majority of

diminished halos, leaving only a small percentage of weakly diminished halos. The

small number of remaining group N halos experienced mass loss either due to a

third mechanism, or due to weaker manifestations of tidal stripping (with tidal
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Figure 3.3: We present a visual representation of the four mass loss group labels we
use in this analysis. All halos in each mass bin are assigned to one of these groups
according to their tidal force and major merger history. TS (tidal stripping) halos
are subject to tidal stripping only, R (relaxation) halos are subject to post major
merger mass loss only, TS+R halos are subject to both tidal stripping and post-
merger mass loss, and N (neither) halos do not satisfy the conditions for either
mass loss mechanism.
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Figure 3.4: Fraction of halos in each mass loss group for different halo mass bins.
From each group, we show only the subset of distinct halos that have lost more
than 5% of their peak mass. We use the same mass bin definitions as in Fig. 3.1.
Group N halos are not apparently subject to the mass loss mechanisms we identify
in this analysis, Group TS halos are potentially subject to tidal stripping but not
major merger induced mass loss, Group R halos are potentially subject to mass
loss following a major merger but not tidal stripping, and Group TS+R halos are
potentially subject to both tidal stripping and major merger induced mass loss.
Diminished lower mass halos are much more likely to be found in Group TS (about
23% of diminished low mass halos compared to only about 2% of diminished high
mass halos), but less likely to be in Group R (about 39% of diminished low mass
halos compared to about 67% of diminished high mass halos). Altogether, about
77% of diminished halos fall into one of the three mass loss groups (TS, R, and
TS+R); the remaining 23% of halos (group N) have likely lost mass via minor
mergers.
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Figure 3.5: Cumulative distribution functions of mass loss fraction for distinct
halos that are tidally stripped (group TS, top row), have had a recent major
merger (group R, middle row), and are neither tidally stripped nor had a recent
major merger (group N, bottom row). We use the same mass bin definitions as
in Fig. 3.1. In the left column we define the mass loss fraction for each halo as
the ratio of final halo mass at z = 0 to peak halo mass, while in the right column
we instead compute the fraction using the minimum virial mass since the halo
reached Mpeak (or since aLMM for group R halos). This allows us to compare the
distribution of mass loss fractions at z = 0 compared to the distribution of peak
mass loss for each group. Different coloured lines represent different mass bins.
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Figure 3.6: Particle distributions, density profiles, and halo property evolution
of an individual group R halo at two distinct snapshots. Large panels show the
distribution of particles at z = 0.63 (left) and z = 0.19 (right). On the x-axis
(y-axis) we plot the magnitude of the radial (velocity) vector of each particle,
with the center and bulk velocity of the halo as the origin. Individual particles
are coloured according to the redshift they are first accreted onto the halo (the
associated colour bar is in units of 1 + z). Solid points represent particles that
will remain bound to the halo at z = 0, while open circles represent particles that
will be removed from the halo by z = 0. Gray coloured particles are unbound. In
each large panel, we also indicate the current simulation snapshot, scale factor,
fraction of particles that are bound (fb), and the current location of Vmax, Rs,
and Rvir. In the associated colour bar on the right, the yellow star indicates the
occurrence of a major merger, while the cyan and green circles indicate the current
time. The (bottom) panels below the particle distributions show the halo density
profiles at each snapshot. We scale the profiles by r3 to highlight deviations of
the outer profile from a r−3 (NFW) slope. The associated color bar on the right
indicates the log r − log ρ slope of the density profile. For an NFW halo, the
slope would be -1 (dark blue) below Rs, and -3 (purple) above Rs. Black sections
indicate extremely shallow profiles, while red and orange sections indicate very
steep profiles. The rightmost column of plots show the full evolution of mass,
virial radius, Vmax, scale radius, spin parameter, prolateness, tidal force, Xoff , and
virial ratio for this halo from z = 2 to 0. The green (cyan) circles indicate the
location of the left (right) main panels. The vertical blue dashed line shows where
a major merger occurs, and the blue shaded regions indicate periods of mass loss.
Mass, virial radius, and Vmax are each normalized by their z = 0 values. The left
main panel (z = 0.63) coincides with the last major merger.
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force below 1) or merger-induced mass loss (from a minor merger); we will further

investigate these possibilities shortly.

Looking at the distribution of the mass loss fraction among group R halos

(those that experienced a recent major merger but no tidal stripping; Fig. 3.5,

middle row), we see that roughly 18% (low mass) – 32% (high mass) of halos are

diminished. However, the distribution changes considerably when looking at the

minimum mass loss fraction since the last major merger; in this case, the fraction

of diminished halos jumps to roughly 48−68% of all group R halos. Furthermore,

we see that nearly all group R halos experienced mass loss of a few percent of

their peak mass or more, with lower mass halos tending to lose more mass than

higher mass halos. Most major mergers cause losses of around 5− 15% Mpeak and

very few result in heavy mass loss of more than ∼ 20% Mpeak, consistent with

the trends from Fig. 3.2 that peak around Mvir/Mpeak ≈ 0.90 for low mass halos

(lower concentration, higher spin, more prolate halos). Once halos have relaxed

and begun re-accreting material after a major merger, they will eventually return

to and exceed their original peak mass and restore the mass loss fraction to 1.

This explains why the left panel (mass loss fractions at z = 0) is so different from

the right panel; many of the halos have completed the mass loss process and begun

re-accreting, reducing their apparent mass loss fraction.

Let’s look in detail at a typical example of mass loss following a major merger.

In Fig. 3.6, we show for an individual halo the particle distribution and density

profile at two different snapshots (z = 0.19 and z = 0.63), as well as the full

evolution of various halo properties since z = 2, including halo mass (Mvir), virial

radius (Rvir), maximum circular velocity (Vmax), NFW scale radius (Rs), spin

parameter (λB), prolateness (P), tidal force (TF), offset between density peak and

center of mass (Xoff) and virial ratio (T/|U |). We’ve chosen these two snapshots
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to highlight the effects of this mass loss scenario on halo properties. At z = 0.63

(left main panel), the merging halo has just crossed the virial radius of the main

halo; this is the snapshot that Rockstar associates with the merger event. At

the same time, we see a sharp increase in halo mass, virial radius, scale radius,

spin parameter, prolateness, Xoff , and virial ratio. Vmax displays a slightly delayed

response, and tidal force does not change appreciably. The density profile develops

a distinct hump due to the merging core that migrates towards the center of the

main halo before splashing back. This behaviour causes corresponding oscillations

in the scale radius (which fluctuates due to a poor NFW fit to the temporarily

shallower-than-expected outer profile), prolateness, and Xoff . We don’t expect

to see oscillations in all properties; spin parameter, for example, is not strongly

affected by these dynamics. The halo quickly begins to relax, even as additional

material flows in following the main merger. By the time the halo mass and

virial radius have peaked, most other properties are settling back to historically

typical values. The net mass accretion rate turns negative and the halo mass

and virial radius start shrinking as high energy loosely bound material escapes

beyond the virial radius. At z = 0.19 (right main panel), the net accretion rate

turns positive again; this is the minimum value of Mvir/Mpeak this halo will reach

due to this merger (∼ 0.8 in this case). At this point, most halo properties have

settled considerably, but scale radius, prolateness, and spin parameter are still

somewhat elevated above typical levels. All of the recently accreted material has

accumulated along the outermost curved layer of the distribution, with material

continuing to flow both in and out along this trajectory. The density profile has

smoothed out and appears roughly NFW. We have also created movies that show

the full evolution of the halos in Figs. 3.6 and 3.7, which are publicly available. 2

In Figs. 3.8 and 3.9, we show the distributions of many halo properties for
2https://goo.gl/Qtf9i9
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diminished halos from groups N, TS, R, and TS+R along with non-diminished

halos from all groups. We select only diminshed halos from each group to highlight

how different types of mass loss influence other halo properties. The distributions

are not normalized and have consistent bin sizes within each panel, providing an

accurate representation of the relative abundances of halos in each panel. Starting

with tidal force (TF; Fig. 3.8 Row 1), we see that most halos with very high TF

values (> 1) are diminished group TS halos. Note that this indicates that dimin-

ished group TS halos are more abundant than non-diminished TS halos (which

would contribute to the gray line), consistent with the CDFs from Fig. 3.5. We

also see a tail of diminished group TS and TS+R halos with TF < 1 at z = 0,

which indicates that at least some halos experience high TF shortly after they

reach their peak mass (qualifying them to be in group TS or TS+R), but subse-

quently return to lower TF regions by z = 0. The TF distribution of diminished

group N and R halos is similar to that of non-diminished halos, and is limited

to the range 0 < TF < 1 by the group assignment criteria. The distributions

of local density (Fig. 3.8 Row 2) provide qualitatively similar information as the

TF distributions (since TF correlates strongly with local density; see Lee et al.,

2017). However, we do observe more overlap between local density distributions

of low TF (groups N and R) and high TF (groups TS and TS+R) halos than for

the TF distributions.

Especially notable for halos that recently experienced a major merger are the

next several properties from Fig. 3.8: P, aLMM, CNFW, and λP. Among the

diminished halos, we see that halos from group R are significantly more prolate

that halos from groups N, TS, and TS+R on average. Group R halos have a peak

CNFW similar to that of group N halos, but have notably more low concentration

halos than diminished halos from the other groups, and also have the highest
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spin parameters. The distributions of aLMM reflect the group selection criteria

(aLMM = 0.45 is the dividing epoch between groups N/TS and R/TS+R), but

also reveal an interesting peak around aLMM = 0.7 for diminished group R halos.

This peak provides an indication of the characteristic mass loss timescale – the

mean time delay between a major merger event and subsequent peak mass loss

(in this case fixed at z = 0). Halos in group R with aLMM < 0.7 likely have

begun accreting again, but may not yet have surpassed their previous peak mass

by z = 0, while group R halos with aLMM > 0.7 are likely actively losing mass and

have not yet reached their minimum mass.

From Fig. 3.9 Row 1, we see that weakly diminished halos (with a mass loss

fraction ∼ 0.8 − 0.95) are dominated by group R, followed by group N. Strongly

diminished group R halos are much less common than those from groups TS and

TS+R, reflecting the same trends observed from the CDFs from Fig. 3.1. The

distribution of mass loss among diminished group N halos is similar in shape to

that of diminished group R halos, but falling off more quickly with increasing mass

loss. As do group R halos, weakly diminished group N halos (Mvir/Mpeak
>∼ 0.85)

dominate over group TS and TS+R halos in the same mass loss regime, but group

N halos are the least common among those that have lost more than 20% of their

peak mass. This strongly suggests that the processes responsible for mass loss in

group N halos may be similar to the relaxation-based process attributed to mass

loss in group R halos (e.g. mass loss after a minor merger). We additionally see in

the remaining rows of Fig. 3.9 that diminished group R halos are on average the

least symmetric (highest Xoff), and the least relaxed (highest T/|U |) compared to

diminished halos from the other groups. This is consistent with the the proposed

major-merger induced mass loss mechanism. Halos undergoing a major merger

would become temporarily unrelaxed and have two cores, increasing both T/|U |
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Figure 3.7: Same as Fig. 3.6, but showing a group TS halo at z = 0.54 and
z = 0.18. In this case, no major mergers occur. In the property evolution plots
in the rightmost column, red shading indicates periods of mass loss where tidal
force is greater than 1 (i.e. tidal stripping). Blue shading indicates periods of
mass loss where tidal force is less than 1. The bold red portion (from roughly
z = 0.54 to 0) indicates where tidal force is greater than 1, and the additional
bold purple section shows when this halo is a subhalo of a more massive halo.
We’ve chosen these two snapshots to highlight the affect of tidal stripping on halo
properties. The left main panel (z = 0.54) coincides with the peak mass and
where tidal force becomes greater than 1. We see that most of the (relatively
recently accreted) material in the outer part of the halo will be lost by z = 0.
Shortly after this, the halo becomes a subhalo and experiences much stronger tidal
forces. The right main panel (z = 0.18) coincides with the minimum tidal force
(roughly TF = 1) after the halo again becomes a distinct halo. At this point halo
mass, virial radius, Vmax, scale radius, spin, and prolateness have all decreased
relative to their pre-subhalo values. We can see a clear separation between the
distribution of material in the inner halo and outer halo, and a corresponding
steepening of the density profile around this same radius. The decrease in scale
radius is a direct consequence of this steepening of the outer density profile. By
z = 0, the halo will be nearly entirely stripped of the puffed-out outer region.
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Figure 3.8: Distributions of tidal force, local density, prolateness, scale factor
of last major merger, NFW concentration, and Bullock spin parameter for all
distinct halos that have not lost a significant amount of mass and for distinct
halos that have lost mass in Groups N, TS, R, and TS+R. We use the same mass
bin definitions as in Fig. 3.1. Vertical axes show the number of halos in each
horizontal bin; all distributions in a given row have the same horizontal bin width
to allow for direct comparison to other distributions in the same panel. Values
on the horizontal axes correspond to the halo property labelled in the rightmost
column of a given row. We divide these distributions into our usual four mass
bins, with the lowest mass bin in the leftmost column. The grey lines indicate
distributions for all halos in a given mass bin that have not lost more than 5%
of their mass since Mpeak. The solid blue, solid red, dashed blue, and dashed red
lines represent halos that have lost more than 5% of their mass since Mpeak and
additionally belong to groups N, TS, R, and TS+R, respectively.
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Figure 3.9: Same as Fig. 3.8, but showing mass loss ratio (Mvir/Mpeak), offset
between halo center of mass and density peak (Xoff), and virial ratio (T/|U |). We
use the same mass bin definitions as in Fig. 3.1. We see that Group R halos
dominate the population of halos that have only experienced moderate mass loss
(between 5 and 20% of their peak mass for low mass halos), while tidally stripped
Group TS halos are the most common among heavily diminished halos. Group
TS halos have slightly lower Xoff and T/|U | on average compared to undiminshed
halos, while Group R halos have slightly higher Xoff and T/|U | on average. These
trends are consistent with our proposed mass loss mechanisms of tidal stripping
and post-merger relaxation for Groups TS and R, respectively.
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and Xoff before simultaneously undergoing mass loss and relaxation.

We’ve additionally followed the most massive progenitors of the same popu-

lations plotted in Figs. 3.8 and 3.9 (diminished group N, R, TS, TS+R and not

diminished halos) and determined median halo properties of these populations

out to high redshift (z ∼ 7). In Fig. 3.10, we follow the evolution of NFW con-

centration (CNFW), Bullock spin parameter (λB), virial mass (Mvir), and specific

mass accretion rate (Ṁ/M). We find that diminished group R halos all exhibit

a significant change in behaviour around z ≈ 0.5 (a ≈ 0.7), consistent with the

strong peak in aLMM ≈ 0.7 from Fig. 3.8 Row 4. At this epoch, diminished group

R halos undergo a decrease in concentration, sharp increase in spin, and increase

in specific accretion rate. These halos subsequently regress back towards higher

concentrations and lower spins as they approach z = 0, but still remain with sig-

nificantly lower concentrations and higher spins at z = 0 compared to the other

populations plotted. After the increase in accretion rate coincident with the last

major merger, these halos experience a sharp drop in accretion rate than dips

below zero briefly, before returning to zero at z = 0. This clearly illustrates the

mass loss phenomenon these recently merged halos experience – an initial surge in

mass from the merging halo (which also sets Mpeak), followed by a period of mild

mass loss as the halo relaxes and sheds high energy material. Interestingly, dimin-

ished group N halos exhibit each of these trends as well, but with less deviation

from their historic median values compared to group R halos. This gives further

weight to the suggestion that diminished group N halos have likely experienced

mass loss due to a minor merger, rather than unaccounted-for tidal stripping or

some other new mass loss mechanism. We additionally note that all halo pop-

ulations plotted have similar median concentrations and spins at high redshift,

while diminished group R halos were the least massive and slowest accreting ha-
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los, followed by group N, group TS+R, and group TS halos, respectively. These

trends are consistent across all mass bins shown, a further indication that this

merger-induced mass loss is a general phenomenon affecting a wide range of halo

masses in a similar fashion.

From Fig. 3.11 Rows 2 and 3, we see that for diminished group R halos,

changes in concentration (CNFW ≡ Rvir/Rs) stem almost entirely from changes

in Rs rather than Rvir. The scale radius is strongly amplified during the major

merger, and remains substantially elevated at z = 0 even after regressing during

the post-merger relaxation phase. We do not interpret this dramatic fluctuation in

scale radius as a shift in the log ρ−logRvir slope change from -1 to -3 as is typically

expected for an NFW halo, but rather as a result of a poor fit to a halo profile

that no longer resembles the NFW profile. Attempting to fit an NFW profile to an

unrelaxed halo with a recent accumulation of mass in the outer regions will tend

to produce an artificially elevated scale radius in an attempt to compensate for

the shallower than expected outer profile slope. Again, we note that diminished

group N halos mirror the Rs evolution of diminished group R halos, but do not

experience as dramatic a response.

Finally, we see from Fig. 3.12 that diminished group R halos undergo a sharp

increase in prolateness, asymmetry, and virial ratio coincident with the typical last

major merger epoch. The prolateness measured at Rvir peaks strongly shortly after

the merger and then subsides, but remains elevated compared to all other groups

at z = 0. When measured at R500c, prolateness peaks shortly after PRvir does,

and is less dramatic than the peak in PRvir , consistent with the picture that a

typical merging halo will initially disrupt the outer halo and become substantially

stripped before punching into the inner part of the halo. The peak in Doff and

T/|U | coincide with the peak in PRvir , indicating that halos become less symmetric
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(halo density peak and center of mass becoming misaligned to due the addition

of an off-center clump of material from the merging halo) and unrelaxed. Of

the trends shown in Fig. 3.12, T/|U | shows the least dramatic divergence for

diminished group R halos compared to diminished halos from groups TS, TS+R,

and N. By z = 0, diminished group R halos have largely completed the relaxation

process, returning to values of Doff and T/|U | comparable to the non-diminished

halos. Group N diminished halos exhibit similar behavior as those from group

R, but are much more weakly elongated, especially when measured at R500c, and

typically fully relaxed by z = 0. These trends are consistent for all four mass bins

shown, albeit with more uncertainty present at higher masses due to low number

statistics.

This leaves us with a detailed and coherent picture of how major mergers af-

fect the properties of dark matter halos and ultimately induce mass loss through

relaxation. Diminished group R halos, which are those we identify at a = 1 as

being most directly subject to this process, typically experienced a major merger

around a = 0.7. The physical properties of the host halo begin to change dra-

matically as the incoming halo impinges on the host, becomes tidally disrupted,

and deposits material on the host halo. The host halo becomes less concentrated,

since the NFW scale radius increases to accommodate the recent accumulation of

material in the outer profile. Simultaneously, the spin parameter and halo pro-

lateness typically increase due to a non-zero impact parameter and a preferred

axis of accretion (mergers would tend to flow along the directions of pre-existing

filaments or sheets). The host halo becomes increasingly unrelaxed and less sym-

metric during this brief mass accretion phase of the merger. As the core of the

merging halo becomes fully disrupted and integrated into the host halo, the sys-

tem relaxes and once again becomes more concentrated, lower spin, less prolate,
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and more symmetric. The net mass accretion rate turns negative as the amount of

newly infalling material decreases and high energy material gradually dissipates

or is moved outside the virial radius of the halo. This is what constitutes the

post-merger mass loss mechanism. Post-merger mass loss peaks very shortly be-

fore z = 0 for diminished group R halos, after the halos have relaxed considerably,

but still have considerably higher spin parameters than before the merger.

3.3.2 Tidal Stripping

The other principal mass loss mechanism we’ve identified in this work is the

tidal stripping of material from the outer regions of halos, which primarily occurs

in high density regions as a result of strong tidal forces from a nearby massive

halo. In Fig. 3.5 Row 1, we see that nearly all group TS halos (those that

have had TF > 1 at any point since their peak mass), have less mass at z = 0

compared to their peak mass. A majority (66%) of halos in the lowest mass

bin (log10 µ = 11.2 ± 0.375) are diminished at z = 0, and about 30% of these

halos have lost more than 30% of their mass, a far greater fraction than group

R halos from the same mass bin, even when comparing to their maximum mass

loss since their last major merger. The left and right panels of the group TS

distributions are nearly identical, indicating that these halos are at their historic

minimum mass at z = 0. In other words, halos that undergo tidal stripping do

not generally recover and begin accreting rapidly again. If that were common

behaviour, we would expect to see a vertical shift in the right panel (minimum

Mvir/Mpeak since Mpeak). This suggests that most group TS halos either become

subhalos or disappear completely in subsequent timesteps. There is also a strong

mass dependence in the distribution of mass loss fraction among group TS halos.

High mass halos are much less likely to be heavily stripped than low mass halos

82



(66% of low mass halos are diminished at z = 0, compared to only 24% of high

mass halos). This may be a result of fewer sufficiently massive neighbouring halos

for high mass halos than low mass halos. High mass halos tend to be dispersed

throughout the cosmic web in nodes and thick filaments, and are less likely to come

in contact with another halo sufficiently massive to tidally disrupt it and induce

mass loss. Additionally, we have not excluded the possibility of recent minor

mergers contributing to mass loss. For low mass group TS halos, we expect mass

loss to be primarily due to tidal stripping, but some of the high mass diminished

group TS halos in our sample may be experiencing mass loss due to a recent

minor merger; indeed, the distribution of of these halos is similar in shape to the

distribution of group R and group N halos.

Again, we take a look at an example of an individual halo experiencing signif-

icant mass loss via tidal stripping. Fig. 3.7 shows the particle distribution and

density profile of the halo at two key snapshots (z = 0.54 and z = 0.18), as well

as the full evolution of many halo properties since z = 2. We’ve chosen these two

snapshots to highlight the effects of this mass loss scenario on halo properties. At

z = 0.54 (left main panel), the halo is just crossing into a region with tidal force >

1, indicating that the Hill radius RHill from a massive nearby halo is smaller than

the virial radius of the halo (i.e., that weakly bound material in the outer part of

the halo will be stripped away). This snapshot also coincides with the peak mass

of the halo and the start of nearly continuous mass loss for the remainder of the

simulation runtime. At Mpeak, most other halo properties have not yet changed

significantly in response to tidal effects, although we already see a mild steepening

of the outer density profile just before Rvir, as well as a build up of bound and

unbound material outside the virial radius. Shortly after Mpeak, the halo punches

into a more massive halo and becomes a subhalo (indicated by the thick purple
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line segment in the property evolution panels on the right). This results in a brief

increase in virial ratio and a strong peak in tidal force; most other halo properties

fluctuate mildly during this period, though we also expect halo finder noise to in-

crease significantly in such regions of extreme density. The (sub)halo re-emerges

from the massive halo and again becomes a distinct halo. At z = 0.18 (right main

panel) the tidal force drops to 1 again, marking the end of the very high tidal force

event, although it does not decrease below 1 for the remainder of the simulation.

By this time, halo mass and radius have decreased significantly compared to their

peak values, and continue to decline. Scale radius, spin parameter and shape have

all decreased notably. The outer density profile falls off faster than r−3 just before

Rvir, causing the NFW fit to artificially suppress the scale radius. It is perhaps

clearer to visually detect from the particle distribution the separation between the

inner core of the halo and the soon-to-be-stripped mass of material sitting near

the virial radius. Likely, the removal of so much material on the outskirts of the

halo, in particular high energy material on very elliptical orbits, contributes to

the overall sphericalization and decrease in spin parameter that we see during this

process. These trends largely continue towards z = 0, by which time the halo has

lost roughly 35% of its peak mass.

The trends observed for the individual halo in Fig. 3.7 are consistent with

those observed for the whole population of group TS halos. From Fig. 3.8, we’ll

focus our discussion on Rows 3-6. We see that diminished group TS halos are the

least prolate (most spherical), compared to all other populations plotted. At least

at low masses, the prolateness distribution of group TS halos both peaks at a lower

prolateness and is skewed towards lower prolateness values. Group TS halos have

significantly higher average concentrations compared to the other groups. The

concentration distribution peaks around CNFW = 32 for group TS (compared to
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only about 11 for group R halos), but also has a higher dispersion. Very few

diminished group TS halos have concentrations below about 10, while this is

common for group R and non-diminished halos. These halos also have the lowest

average spin parameter compared to the other groups plotted. While the peak

spin parameter of diminished group TS halos is only slightly below that of group

N halos, the distribution is skewed towards lower spins. These trends indicate that

diminished group TS halos are most differentiated from other halos by their much

higher average concentration, but also are typically more spherical (less prolate)

and have lower spins. These trends are all weaker at higher masses; the properties

of group TS halos are more differentiated from the remaining populations at lower

masses.

As expected, diminished group TS+R halos display trends that are somewhat

intermediary between those of group TS and group R. They have a prolateness

distribution similar to that of the non-diminished halos, though peak at slightly

lower prolateness. There is a subtle peak in aLMM around 0.7, coincident with

the peak in group R halos, indicating merger-induced mass loss is at least partly

responsible for the differences in halo properties of group TS+R halos compared

to non-diminished halos. These halos also have a higher average concentration

than group R, N, and non-diminished halos, but less than group TS halos. The

spin distribution of group TS+R halos is similar in shape to that of group N and

non-diminished halos, but with an excess of high spin halos (at least for the lowest

mass bin).

From Fig. 3.9 we see that low mass diminished group TS and TS+R halos

have a dramatically different distribution of mass loss ratio compared to group R

and N halos. While halos from all groups are more likely to be less diminished

than more diminished, group TS and TS+R halos are much more likely to be
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Figure 3.10: NFW Concentration, spin parameter, mass, and specific mass accre-
tion rate histories for all distinct halos that have not lost a significant amount
of mass (not diminished (ND): Mvir/Mpeak > 0.95) and for distinct halos that
have lost mass (Mvir/Mpeak < 0.95) in Groups N, TS, R, and TS+R. We use the
same mass bin definitions as in Fig. 3.1. The curves reflect median properties
of the progenitors of the z = 0 halo populations. The dark grey shading reflects
the 95% confidence interval on the median and the light grey shading reflects the
20− 80% dispersion of each property, shown only for Group TS halos. Each halo
mass curve is normalized to the z = 0 value of the not diminished (ND) curve
in each mass bin. We see that halos experiencing purely tidal mass loss (Group
TS) experience amplified concentrations, reduced spin parameters, and heavily
reduced accretion rates and halo mass at late times. In contrast, halos that un-
derwent purely merger induced mass loss (Group R) exhibit temporarily reduced
concentrations, strongly amplified spins, and a recent burst of accretion, followed
by mild mass loss. Group TS+R halos display milder trends consistent with both
tidal stripping and relaxation, while Group N halos display trends that are most
consistent with those from Group R, but subdued, suggesting these may be halos
experiencing weaker relaxation-based mass loss from minor mergers.
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Figure 3.11: Same as Fig. 3.10, but showing tidal force, virial radius (Rvir),
scale radius (Rs), and maximum circular velocity (Vmax). To efficiently compare
different mass bins, we normalize Rvir, Rs, and Vmax by the median values of the
not-diminished (ND) population at z = 0. Note that the Rvir curves must converge
at z = 0 as a consequence of the halo mass curves (Fig 3.10 Row 3) converging at
z = 0. We see that halos experiencing purely tidal mass loss (Group TS) typically
experience much stronger tidal forces starting around z ≈ 1 − 2 and peaking
shortly before z = 0, strongly depressed scale radii and mildly reduced maximum
circular velocity, both roughly coincident with the increase in tidal force. In
contrast, halos that underwent purely major merger induced mass loss (Group R)
exhibit consistently low tidal force, temporarily amplified scale radii, and a jump
in maximum circular velocity roughly coincident with the major merger. Group
TS+R halos display milder trends consistent with both tidal stripping and post-
merger mass loss, while Group N halos display trends that are most consistent with
those from Group R, but subdued, suggesting these may be halos experiencing
weaker relaxation-based mass loss from minor mergers.
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Figure 3.12: Same as Fig. 3.10, but showing prolateness measured at Rvir (PRvir),
prolateness measured at R500c (PR500c), Doff , and the virial ratio. We see that
halos experiencing purely tidal mass loss (Group TS) typically become steadily
rounder and more symmetric. In contrast, halos that underwent purely major
merger induced mass loss (Group R) temporarily become highly elongated, espe-
cially at larger radii, highly asymmetric, and unrelaxed, all coincident with the
merging event. Group TS+R halos display much milder trends consistent with
both tidal stripping and relaxation, while Group N halos display trends that are
most consistent with those from Group R, but subdued, suggesting these may be
halos experiencing weaker mass loss from minor mergers. Diminished halos from
all groups experienced a jump or plateau in virial ratio around z = 0.5, followed
by relaxation by z = 0, with the most unrelaxed halos coming from groups R,
TS+R, N, and TS, in order of most to least, respectively.
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Figure 3.13: Cumulative distribution functions of virial ratio (T/|U |) decline on
the left panel and spin parameter (λB) decline on the right panel for all group
R halos (distinct halos that had a recent major merger but have not experienced
strong tidal forces). We use the same mass bin definitions as in Fig. 3.1. In each
case, we compute the ratio of the z = 0 values to the peak value since the last major
merger. This provides an indication of the degree to which virial ratio and spin
parameter typically decay following a major merger, since both of these properties
tend to increase sharply immediately after a major merger. Different coloured lines
represent different mass bins, though we see very little mass dependence. The
median decline in virial ratio is about 24% of the peak value, while the median
decline in spin parameter is about 52% of the peak value. About 80% of these
group R halos decline by at least 15% in virial ratio, while nearly 90% decline
by at least 15% in spin parameter. This tells us that elevated spin parameters
following major mergers are transient; they typically decay substantially by z = 0,
at least when considering only the material within the virial radius of the halo.
Fluctuations in virial ratio are less dramatic that in spin parameter, but show
qualitatively similar time-dependence following a major merger.
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Figure 3.14: Cumulative distribution function of fraction of mass lost while a
subhalo for all tidally stripped halos (group TS). We use the same mass bin
definitions as in Fig. 3.1. We define ∆Mvir as the total cumulative mass loss since
Mpeak, not including any periods of mass growth. So ∆Mvir,SH represents any
loss that occurs while (temporarily) a subhalo. Different coloured lines represent
different mass bins. For the lowest mass bin, we see that about 60% of halos did
not lose any of their mass as subhalos. About 80% of these halos lost half of their
mass or less as a subhalos, leaving only about 20% of halos having experienced
the majority of their mass loss as a subhalo. Mass loss while a subhalo is much
less common for higher halo masses. Roughly 72% of log10 µ = 11.95 halos, 84%
of log10 µ = 12.7, and 98% of log10 µ = 13.45 halos have not lost any mass as a
subhalo.
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heavily diminished (Mvir/Mpeak < 0.7) than group R and N halos. Since the

distributions of TS and TS+R halos are nearly identical (with only a difference

of overall abundance), we expect that tidal stripping is the dominant mass loss

mechanism affecting group TS+R halos, rather than post-merger mass loss. The

distributions of Xoff are not remarkable for group TS and TS+R halos, with only

a slight tendency towards lower Xoff for group TS halos (more symmetric). Group

TS+R halos are about as relaxed as non-diminished halos, while the purely tidally

stripped group TS halos tend to be more relaxed (at least, with lower T/|U |) than

any of the other groups. This isn’t surprising, since tidal stripping should be a

relatively distributed process, affecting mostly the outer regions of the halo and

especially any loosely bound, high energy particles on highly elliptical orbits. As

has been repeated before, these trends hold especially for the lower mass halos,

and begin to break down or lose statistical weight at higher masses.

Examining the evolution of halo properties for diminished group TS and TS+R

halos further clarifies the role tidal stipping plays in shaping key halo properties

like concentration, spin and shape, among others. In Fig. 3.10 we see that low

mass diminished group TS and TS+R halos develop increasingly higher concen-

trations, which diverge from those of the non-diminished halos around z = 1. We

expect this is roughly the epoch when these halos enter high density regions and

begin to experience very high tidal forces. Indeed, shortly following the divergence

in concentration, the median mass of group TS and TS+R halos plateaus and be-

gins to decline in response to tidal stripping. Group TS halos have consistently

higher concentrations than group TS+R halos since z = 1, while the median

concentration of group TS+R halos initially drops below that of non-diminished

halos, before rapidly increasing and surpasing them by z = 0. These fluctuations

may be due to the combination of early concentration suppression by a major
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merger, followed by concentration amplification from tidal stripping. The spin

parameters of diminished group TS halos follow a distinct trend compared to all

other groups shown. At least for the lower mass halos, those experiencing purely

tidal mass loss also demonstrate increasingly reduced spin parameters. While all

halo populations had similar median spins above roughly z = 2, those in group

TS diverge sharply from the non-diminished halos shortly after z = 0.5, around

the same time the specific mass accretion rate reaches a minimum. We inter-

pret this to be a result of preferential removal of high energy material on highly

elliptical orbits, reducing the net angular momentum of the halo. Interestingly,

group TS+R halos have a fairly different spin parameter evolution than group

TS halos, even for the lowest mass bin, seen by the increase in spin parameter

around z = 1. This is presumably in response to a major merger, and results in a

broader peak in spin parameter compared to that experienced by group R and N

halos. For the specific mass accretion rate (bottom row), we see that for low mass

group TS halos the net accumulation of material drops below zero shortly before

z = 0.5 and reaches a minimum shortly before z = 0, but never substantially re-

covers. Group TS+R halos display similar behaviour, but additionally experience

the characteristic bump in accretion rate from a major merger typically around

z = 1. Note that the typical last major merger experienced by group TS+R halos

occurs around z = 1, while for group R halos it peaks around z = 0.5. This is

likely due to the dominance of tidal stripping in the late phase of these halos’

evolution. Mergers are less likely to happen when a halo is being tidally disrupted

by a larger halo, which places a constraint on the major merger window for group

TS+R halos roughly between the assignment cutoff of a = 0.45 (or z = 1.2) and

when stripping kicks in (around z = 0.5 for low mass halos). It is clear from

these plots that high mass group TS halos behave differently than low mass halos.
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In fact, the evolution of high mass group TS halos (and especially group TS+R

halos) approach the behaviour of group R halos; that is, a jump in spin parameter

and reduced concentration coincident with an increase in accretion rate, followed

by relaxation and negative accretion. This suggests that high mass group TS

and TS+R halos may be more strongly influenced by minor and major mergers,

respectively, while low mass group TS and TS+R halos are likely dominated by

the effects of tidal stripping.

By definition, group TS and TS+R halos have completely different tidal force

histories, as seen in Fig. 3.12 Row 1. However, note that the tidal forces expe-

rienced by halos in all groups are roughly comparable for z > 2, indicating that

halos being tidally stripped in high density regions at z = 0 originated from re-

gions of roughly average density where they experienced much milder tidal forces.

Around z = 1 the tidal forces experienced by diminished group TS and TS+R ha-

los diverges sharply from the remaining groups until reaching a maximum around

TF = 1.2 near z = 0. For lower mass halos in particular, both TS and TS+R halos

peak shortly before z = 0, at around z = 0.2, roughly coincident with the mini-

mum mass accretion rate (peak mass loss rate). This tells us that specific mass

accretion rate is strongly correlated with the tidal force, and that these halos typi-

cally have already endured a period of closest approach to a massive halo (peak in

tidal force) paired with maximum instantaneous mass loss. Presumably, most of

these halos have already made one pass through or near a massive neighbour and

are preparing to make subsequent passes before becoming subhalos. Note that

since we are only including (z = 0) distinct halos in our analysis, we are likely

missing transient subhalos (halos that temporarily become subhalos for a period

of time while passing through a massive halo, before becoming tidally stripped

distinct halos upon emerging). Some of the z = 0 distinct group TS and TS+R
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halos may have lost much of their mass as transient subhalos around the z = 0.2

peak in TF. High mass group TS and TS+R halos still have very high tidal forces

at late times, but do not show any clear indication of previous peaks in tidal force.

In Fig. 3.11 Rows 3 and 4 we show the evolution of the NFW scale radius

and the maximum circular velocity (Vmax). Low mass diminished group TS halos

exhibit a dramatic reversal in scale radius evolution at about z = 1, roughly

coincident with the transition towards higher density, higher tidal forces regions.

Evolution in scale radius is the primary differentiator of evolution in concentration,

since the virial radius is not highly sensitive to mass loss or group assignment.

For group TS halos, we see that the typical halo experiences a plateauing of scale

radius around z = 1, followed by a sharp decline all the way to z = 0. Group

TS+R halos initially experience an increase in scale radius (presumably to due

the major merger), peaking around z = 0.5, followed by a sharp decrease. Tidal

stripping preferentially removes loosely bound material from the outer regions of

halos. As a result, tidally stripped halos tend to have density profiles with outer

slopes that fall off faster than r−3. Forcing an NFW fit to these halos produces

artificially low scale radii in an attempt to compensate for the steep outer profiles.

Some of the internal halo structure is influenced by tidal stripping as well, as can

be seen by the decline in Vmax after z = 1. Vmax is not as sensitive to changes

to the outer halo as NFW concentration, and provides a more robust quantifier

of halo internal structure than the scale radius for non-NFW halos. A decline in

Vmax indicates the removal of particles that spend some of their time in the interior

of the halo. High mass group TS halos exhibit little to no scale radius and Vmax

suppression at late times, while high mass group TS+R halos have scale radius

and Vmax evolution comparable to that of group R halos, a further indication that

high mass group TS+R halos are primarily influenced by the effects of a major
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merger rather than tidal stripping.

Finally, in Fig. 3.12, we examine prolateness, asymmetry (Doff), and virial

ratio (T/|U |). All halos generally become less prolate with time, but group TS

halos do so the most quickly on average. While the median prolateness of halos in

all groups is indistinguishable above z = 1, group TS halos sphericalize the most

rapidly afterwards. Still, the slope difference between group TS and group N halos

after z = 1 is slight, and there does not appear to be a sharp change in PRvir or

PR500c coincident with the onset of tidal stripping, as we see with spin and scale

radius, for example. Instead, tidally stripped halos are gradually rounded as they

lose particles on highly elliptical orbits. Both the inner (PR500c) and outer (PRvir)

shapes of group TS halos are noticeably rounder than halos from other groups

at z = 0, indicating that stripping is not solely affecting the outer regions of

halos. We also see that group TS halos are the most symmetric (lowest Doff) and

have the lowest virial ratios at z = 0. However, tidal stripping does not appear to

strongly affect the halo center of mass, since there remains little difference between

group TS and not-diminshed halos throughout their evolution. Group TS halos

do experience somewhat different virial ratio evolution, however, since they are

typically the least relaxed at high redshift and experience a plateau during the

tidal stripping phase. Group TS+R halos have trends that combine elements of

those from groups R and TS, favoring group TS and low masses and group R at

high masses; that is, a jump up in prolateness (especially PRvir), Doff , and T/|U |,

followed by gradual declines for low mass halos, and evolution consistent with

group R halos at high masses.

Altogether, these trends produce a clear picture of how tidal stripping influ-

ences halo properties. Group TS and TS+R halos move from average density

regions at high redshift into high density regions where they experience increas-
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ingly strong tidal forces around z = 1. These strong tidal forces are likely due to

a single nearby massive halo, whose tidal field eventually begins to preferentially

remove loosely bound high energy material from the subjected halo. As the halo

begins to loose mass due to tidal harassment, its scale radius begins to artifi-

cially depress due to a steepening outer profile, its spin decreases, and it becomes

rounder. Most halos reach a minimum accretion rate as they pass by or through

the neighbouring halo shortly before z = 0. We don’t expect many of these group

TS halos will remain distinct halos for long, since most are at their minimum

mass since Mpeak at z = 0 (i.e. very few have started accreting mass again after

being stripped). Group TS+R halos have a similar pattern of behaviour to group

TS halos at late times, but additionally experienced a major merger (typically

around z = 1, right before experiencing very strong tidal forces). These halos

initially evolve as group R halos do, with decreased concentrations and increased

spins, accretion rates, prolateness, asymmetry, and virial ratios, before following

the trends of group TS halos as tidal stripping commences. We note that the

trends outlined here apply most directly to low mass halos. Higher mass halos

seem to be increasingly influenced by merger events. The evolution of high mass

group TS+R halos appears dominated by the affects of recent major mergers.

Even high mass group TS halos may have lost mass via minor mergers rather

than significant tidal stripping.

3.4 Discussion

By analysing the properties of group R halos that have lost more than 5% of

their peak mass at z = 0 (as we did in Figs. 3.8 - 3.12), we select halos whose

last major merger occurred roughly at a = 0.7. Halos that had a major merger at

a much earlier epoch likely already completed any potential mass loss phase and
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resumed accreting beyond their previous peak mass, while those that had a major

merger much after a = 0.7 may still be accumulating material from the merger

and have not yet begun to lose mass. As a result, we don’t follow the evolution

of these diminished group R halos to the point that they typically start accreting

normally again. We get a glimpse of how the properties of an example individual

halo recover after a major merger in Fig. 3.6; in this case, the effects of the

merger are largely transient, with scale radius, shape, spin parameter, Xoff and

virial ratio all eventually returning to typical pre-merger values. Spin parameter

is one of the slowest to settle, and Vmax never settles substantially. In order to get

a sense for how much the spin parameter and virial ratio typically decline after

being elevated via a major merger, we examine in Fig. 3.13 the ratio of the z = 0

value of these quantities to their maximum values after Mpeak for all group R

halos. Note we don’t make any cuts on mass loss, though we expect most of these

halos have lost mass at some point (see, e.g., Fig. 3.5). We see that the virial ratio

of group R halos typically declines by about 25% from their peak virial ratio after

a major merger. For a fully relaxed final halo, this would be a peak virial ratio of

T/|U | ∼ 0.66. Very few halos decline by more than 40%, while about 80% of halos

decline by at least 15%. Declines in spin parameter are more substantial, with

the typical z = 0 value being about 52% less than the peak value since the major

merger. The distribution is also more broad, with roughly 8% of halos declining

by over 80% and only 10% losing 15% or less of their peak spin parameter value.

Remarkably, there is very little mass dependence, indicating that major mergers

affect halos in a relatively mass-independent manner. Some of these halos will

still be in the process of settling in virial ratio and spin parameter, tending to

bias these results towards lower settling fractions.
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Given that both mergers and tidal stripping can produce changes to the

density-profile-fitted NFW concentration, what implications does this have for

the relationship between concentration and formation time? First, major mergers

will tend to decrease NFW concentrations, at least temporarily, while tidal strip-

ping will tend to raise NFW concentrations. Younger halos will tend to experience

more frequent mergers than older halos, producing a bias towards lower concentra-

tions. At the same halo mass, older halos will tend to be tidally stripped halos in

higher density regions, which will cause halos to be biased towards higher concen-

trations. As a result, the evolution in NFW concentration due to mass loss either

through major mergers or tidal stripping will tend to boost the concentrations of

early forming halos and decrease the concentrations of late forming halos. Sim-

ilarly, higher mass halos would tend to have more merger-induced concentration

decrease than lower mass halos, creating a bias in the concentration-mass rela-

tion. Note, however, that this bias may not be relevant for extremely high mass,

just collapsing halos observed at high redshift (see, e.g. Ludlow et al., 2012b), be-

cause these halos have not existed long enough to reach equilibrium. If one were

to adopt an alternative measure of halo concentration that does not depend on a

parametric fit to the entire halo density profile, for example by using the maximum

circular velocity and the radius at which it is maximum, we would expect to see a

weaker dependence of concentration on formation time, as well as a flattening in

the concentration-mass relation compared to using the NFW concentration defini-

tion we’ve adopted in this analysis. Such a study, which would require reanalysis

of the halos in a big simulation, is beyond the scope of the present paper.

While we focus on z = 0 distinct halos for our analysis, it is true that many

tidally stripped halos have previously been subhalos for one (or more) short pe-

riods. In the top row of Fig. 3.5 we include a curve for the lowest mass bin only
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that represents the cumulative distribution of mass loss fraction for halos that

have never been subhalos since their peak mass (the dashed black line, normal-

ized using the full mass bin). From this we see that the majority of diminished

group TS halos were subhalos previously, presumably on their first pass through a

more massive halo (as was the case in the example in Fig. 3.7). Only about 35%

of diminished group TS halos have not been subhalos since their peak mass, and

this fraction drops precipitously for halos that have lost more than about 20% of

their peak mass. This tells us that tidally stripped distinct halos typically have

already passed through a more massive halo, and are destined to be permanently

captured as subhalos on the next approach or experience additional pass-throughs

before finally being captured. However, we do see some mild and even significant

mass loss among the minority of group TS halos that have not been subhalos

since their peak mass. Some amount of mass loss can certainly be attributed to

tidal stripping by nearby massive halos. The tidal influence of a massive halo can

extend well beyond its virial radius; in fact, the tidal force quantifier we’re using

(RHill/Rvir) typically rises above unity before a halo enters within the virial radius

of a larger halo. Group TS halos that haven’t been subhalos since their peak mass,

but have lost a significant fraction of their peak mass ( >∼ 20%), typically lost most

of their mass through major or minor mergers rather than tidal stripping. This

can happen when a halo experiences one or more successive minor mergers coin-

cident with entering a high tidal force region, or when a halo experiences severe

mass loss following an early (aLMM < 0.45) major merger and never fully recovers

before entering a high tidal force region. This minority group of halos represents a

somewhat complicated and varied collection of scenarios that involve a combina-

tion of tidal stripping and mass loss from major and minor mergers. One further

question we’ve investigated is whether the majority of tidal mass loss occurs while

99



halos are passing through larger halos or while they are distinct halos (before or

after passing through). In Fig. 3.14, we show the distribution of the fraction of

mass lost while a subhalo since Mpeak for each of the four halo mass bins (group

TS only). Here we do not segregate halos based on mass loss severity, so this in-

cludes group TS halos that have lost very little to zero mass. We compute ∆Mvir

as the integrated mass loss, not including any positive contributions from periods

of accretion, rather than the net mass loss. We see a strong mass dependence;

about 60% of the lowest mass halos have not lost any mass as a subhalo, while

virtually no high mass halos have lost mass as subhalos. Roughly 20% of halos in

our lowest mass bin have lost half or more of their mass as subhalos. Given that

a majority of low mass diminished group TS halos have previously been subhalos,

this implies that most of these halos experience the majority of their mass loss

after they have passed through a more massive halo. This picture is also consis-

tent with our individual halo example (Fig. 3.7), where most of the mass loss

occurs after the halo has re-emerged from the larger halo (after the end of the

thick purple line segment on the property evolution plots).

Throughout this work we’ve suggested that diminished group N halos may be

the result of mass loss following minor (rather than major) mergers. Indeed, the

trends shown in Figs. 3.8 - 3.12 illustrate convincing parallels between diminished

group R and N halos. A related analysis by students working with us (Wu &

Zhang, 2017) investigates halo by halo whether diminished group N halos did have

recent minor mergers, as well as further characterizes the responses of several halo

properties to major (and minor) mergers. They use the evolution of halo mass and

Vmax to predict the occurrence of mergers since a = 0.5 for each halo, validating

their results with the known major merger events from the Rockstar catalog.

While this method may not be a reliable predictor of true minor merger events
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for an individual halo, it remains useful to provide statistics for populations as

a whole. In particular, they found that group N halos typically had their last

minor merger around a = 0.7, consistent with the distribution of aLMM for group

R halos, solidifying our conjecture that group N halos are an extension of the

group R mass loss phenomenon towards smaller mass ratios. They also build on

the characterization of how spin parameter, Xoff , scale radius, prolateness, and

virial ratio respond to major mergers (e.g, Figs. 3.11-3.12), by for each property

providing statistics on the number of peaks and when they occur following mergers.

Consistent with the results presented in this work, they show that spin parameter

and virial ratio typically peak once about ∆a = 0.03 after a merger, while Xoff ,

scale radius, and prolateness often have two merger-induced peaks (a result of the

merging and backsplash of two separate high density halo cores). For properties

that peak twice, the first peak usually occurs immediately following the merger,

while the second peak is typically delayed by about ∆a = 0.08, but has a fairly

broad distribution. Furthermore, they find that the presence of two peaks in

these properties is most common for halos that experience a maximum mass loss

of 5 − 15% of their peak mass (as opposed to only < 5% or > 15%). They also

considered merger-induced 3rd and 4th peaks, but did not find any convincing

indication that these occur. All of these trends are roughly consistent for both

major and minor mergers.

3.5 Conclusions

Our main conclusions are as follows:

1. Roughly 22% of low mass (12% of high mass) z = 0 distinct halos have lost

more than 5% of their peak virial mass.
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2. Mass loss occurs either via tidal stripping in high density regions or via

relaxation following a merger.

3. Relaxation after most major mergers results in more than 5% mass loss, with

the regime of 5 − 15% mass loss being the most common. This is roughly

true for all halo masses.

4. Merger-induced mass loss that peaks at z = 0 (a = 1) results from mergers

around z = 0.4 (a = 0.7). This is the characteristic delay between a merger

and the minimum mass the halo subsequently reaches. Note that this delay

is somewhat time dependent and will be different for mergers that occur at

different times.

5. Halos undergoing merger-induced mass loss typically have lower concentra-

tions, higher spin parameters, are more elongated, more asymmetric, and

less relaxed than halos not currently experiencing mass loss. These differ-

ences are the result of strong impulses generated by a merger event that

have not fully settled back to typical pre-merger values.

6. Minor mergers can also induce mass loss. Minor merger induced mass loss

parallels major merger induced mass loss, but has a generally weaker effect

on halo properties.

7. A majority of low mass halos in high tidal force regions have lost more than

15% of their peak mass and will not recover. Significant amounts of mass

loss (> 30%) are not uncommon. High mass halos rarely experience tidal

stripping.

8. Halos undergoing tidal stripping typically have higher concentrations, lower

spin parameters, and are more spherical than halos not currently experienc-
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ing mass loss. These differences result from steepening of the outer density

profiles of halos via preferential removal of high energy material on elliptical

orbits.

9. Most tidally stripped distinct halos that have lost more than 5% of their

peak mass were previously subhalos as they passed through a more massive

halo. This is more likely to have been the case for halos that have lost more

mass.
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Appendix A

Appendix

This Appendix contains figures that supplement those in the text. Like Fig.

2.3, Fig. A.1 shows the probability distribution of local environment density,

but smoothed on σs = 4h−1Mpc rather than 1h−1Mpc. Fig. A.2 illustrates the

connection between percentilized cosmic local densities and halo local densities

at various redshifts and smoothing scales, and Fig. A.3 relates the percentilized

halo property–density correlation plot (Fig. 2.6) to the non-percentilized halo

property–density correlation plot (Fig. 2.5). Fig. A.4 is a supplement to Fig.

2.6, showing the 20-80 percentile range and the 95% confidence interval on the

median at the 1/2 h−1Mpc smoothing. Supplementing Figs. 2.6 and 2.7, which

show the NFW concentration and λB distribution with density at z = 0 and

their redshift evolution, Figs. A.5 and A.6 show the similar behaviour of Klypin

concentration and λP. Fig, A.5 also shows the distribution with density of halo

maximum circular velocity Vmax. Figs. A.7 and A.8 supplement Fig. 2.6 by

showing only halos that have lost less than 2% of their mass versus those that

have lost more than 2% of their mass, showing the strong effects of stripping

on halo concentration, spin, and mass accretion rate, especially for lower mass

halos in high density regions. Figs. A.9, A.10, and A.11 extend Fig. 2.5 to
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higher redshifts (z = 0.5, 1, and 2), and Figs. A.12, A.13, and A.14 similarly

extend Fig. 2.6 to higher redshifts. We show in Figs. A.15 and A.16 the scatter,

median relations, and dispersions between halo specific mass accretion rate and

concentration at different redshifts and masses. Finally, Figs. A.17 and A.18

explore the relationship between when halos reach their maximum mass loss since

Mpeak and when they had their last major merger, and Figs. A.19 and A.20

explore the relationship between when halos reach their maximum mass loss since

Mpeak and when they experienced their peak tidal force.
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Figure A.1: Probability distributions of local environment density smoothed using
σs = 4 h−1Mpc for the entire simulation volume, shown with log scaling on the
vertical axis. Different coloured lines represent the same smoothing scale, but
at different redshifts. Voids grow emptier with time, shifting the peak to lower
densities. Non-linear structure grows as redshift decreases, but not as dramatically
as on smaller scales (Fig. 2.3).
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Figure A.2: Association between percentilized cosmic local densities and halo
local densities, smoothed on scales σ = 4, 8, and 16 h−1Mpc, and for redshifts
0, 0.5, 1, and 2. Cumulative distribution functions indicate how percentiles of
density in the full simulation volume translate to percentiles of density around
halos (Mvir > 1010 M�). We see that the distributions of halo local densities and
full volume densities are most similar at z = 2, and least similar at z = 0. Halos
tend to accumulate in higher percentiles of full volume density at low redshift
compared to at high redshift.
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low densities for CNFW and accretion rate, but independent of density for spin
parameter.
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Figure A.5: Same as Fig. 2.6, but showing Klypin concentration (CKlypin), Peebles
spin parameter (λP), and maximum circular velocity (Vmax). The CKlypin − ρ
relation is very similar to the CNFW − ρ relation, but with slightly less CKlypin
increase in high density regions. We also see a similar relation between Vmax
and local density: low mass halos in high density regions have much higher Vmax
than halos in lower density regions, with the reverse observed in very low density
regions. λP is less reduced in high density regions and slightly more reduced in
low density regions compared to λB.
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Figure A.6: Same as Fig. 2.7, but showing concentration determined using the
Klypin method and Peebles’ spin parameter. We observe similar trends as in
2.7 Rows 1 and 2, except that median CKlypin values of low mass halos in high
density regions are lower than CNFW, and λ evolution tends to increase with time
(tendency towards positive slope rather than negative like λB).
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Figure A.7: Same as Fig. 2.6, but does not include halos that have lost more
than 2% of their mass (Mvir/Mpeak < 0.98). We determine medians using this
sub-population, but we determine percentiles relative to all halos in the mass bin,
allowing a fair comparison to Figs 2.6 and A.8. The correlations presented are
only appreciably different for low mass halos in high density regions, where we see
that concentrations are lower, spin parameters are higher, and accretion rates are
higher compared to the all-halo correlations.
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Figure A.8: Same as Fig. 2.6, but only includes halos that have lost more than
2% of their mass (Mvir/Mpeak < 0.98). We determine medians using this sub-
population, but we determine percentiles relative to all halos in the mass bin,
allowing a fair comparison to Figs 2.6 and A.7. We see that in high density
regions, low mass stripped halos have high concentrations, low spin parameters,
and very low accretion rates. In low density regions, low mass stripped halos also
have low accretion rates, but lower concentrations, and higher spin parameters.
Stripping has an opposite effect on concentration and spin parameter in high
density regions compared to low density regions. Note that there are few stripped
halos in low density regions compared to in high density regions.
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Figure A.9: Same as Fig. 2.5, but at redshift z = 0.5. We scale the specific mass
accretion rate by (1 + z)− 5

2 and concentration by (1 + z) to correct for global
redshift evolution and allow for more straightforward comparison across redshifts.
The mass bins are fixed in terms of log10Mvir/M

∗, where M∗ is the characteristic
mass for a given redshift (at z = 0.5, M∗ = 1011.97h−1M�). Note that λ′ refers to
λB.

20

40

C
N
F
W

log10Mvir/M
∗ = −0.75± 0.375

log10Mvir = 10.55± 0.33
0

11.21

(1
+
z)

0.75
11.87

2
3
4
5
6

λ
′
[1
0−

2
]

-5

0

5

10

0 1 2Ṁ
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Figure A.10: Same as Fig. A.9, but at redshift z = 1.
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Figure A.11: Same as Fig. A.9, but at redshift z = 2.
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Figure A.12: Same as Fig. 2.6, but at redshift z = 0.5. The mass bins are fixed in
terms of log10Mvir/M

∗, where M∗ is the characteristic mass for a given redshift
(at z = 0.5, M∗ = 1011.97h−1M�). Note that λ′ refers to λB.
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Figure A.13: Same as Fig. A.12, but at redshift z = 1.
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Figure A.14: Same as Fig. A.12, but at redshift z = 2.
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Figure A.15: In each panel, we plot the scatter between log10CNFW and log10 Ṁ/M
for distinct halos at redshifts z = 0 (top row), z = 1 (middle row) and z = 2
(bottom row), where Ṁ is the dynamically time averaged mass accretion rate.
The median and 20-80th percentile dispersion in the relations are overplotted as
solid lines. The panels are divided into 5 mass bins, centered on log10Mvir = 10.5,
11, 11.5, 12, and 12.5 h−1M� (±0.25) from left to right, respectively. We color the
scatter point density according to the colorbar on the right hand side of the figure.
Orange regions indicate a scatter point density of > 1000 halos per cell; for cells
that contain many halos, we (randomly) select only a few to plot to not overcrowd
the figure. Note that because we are plotting the log of the specific mass accretion
rate, this figure does not include halos with negative accretion rates. This means
that the relations shown here are biased towards slightly higher accretion rates
that would be expected for a complete halo sample, especially in regions of high
environmental density where negative accretion rates are common. Overall, we see
that higher accreting halos have lower NFW concentrations for all halos masses
and at all redshifts.
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Ṁ
/M

[1
0−

9
]

-0.5

0.0

0.5

1.0

← z = 1

0

0.5

1

1.5

2

2.5

3

3.5

4

lo
g
1
0
(#

h
al
os

p
er

2D
b
in
)

← z = 1

-1.0

-0.5

0.0

0.5

1.0

0.0 0.4 0.8 1.2 1.6
-1.0

-0.5

0.0

0.5

1.0

0.0 0.4 0.8 1.2 1.6 0.4 0.8 1.2 1.60.4 0.8 1.2 1.6

log10CNFW

0.4 0.8 1.2 1.6

log10CNFW

0.4 0.8 1.2 1.6 0.4 0.8 1.2 1.60.4 0.8 1.2 1.6

← z = 2

0.4 0.8 1.2 1.6

← z = 2

0.4 0.8 1.2 1.6

Figure A.16: Same as Fig. A.15, but using linear scaling for specific mass accretion
rate. The dispersion in specific accretion rate is much higher at z = 2 than at
z = 0. As a result of the figure scaling, the z = 2 relation is more readily
interpreted. At z = 1 and z = 2, we see that halos with low concentrations have
slightly higher accretion rates than halos with higher concentrations, though this
effect flattens out at higher concentrations. The majority of halos with negative
accretion rates have high concentrations at z = 0, but approximately median
concentrations at z = 1 and z = 2.
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Figure A.17: This figure explains how much time elapses between major mergers
and the subsequent mass loss phase that follows. On the top row, we plot the
scale factor delay (time delay) between a major merger and the time of maximum
mass loss (∆a ≡ aMin(Mvir/Mpeak) − aLMM) on the horizontal axis against the
maximum mass loss fraction (Min(Mvir/Mpeak)) on the vertical axis. The bottom
row shows the maximum mass loss time delay (∆a) against the scale factor of the
last major merger (aLMM). We color the scatter point density according to the
colorbar on the right hand side of the figure. Orange regions indicate a scatter
point density of > 100 halos per cell. The mass bins are determined using z = 0
halo masses, and are the same bins used throughout this work. From the bottom
row, we see that halos whose last major merger was around a = 0.5 experienced
maximum mass loss around a = 0.65 (∆a = 0.15), while halos whose last major
merger was around a = 0.7 experienced maximum mass loss at around z = 0
(∆a = 0.3). From the top row, we see again that the maximum mass loss fraction
peaks when ∆a is approximately 0.15− 0.3 (depending on aLMM) and that most
halos experience maximum mass loss in the range of 5− 20% of their peak mass.
These trends are independent of halo mass.
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Figure A.18: Same as Fig. A.17, but with time delay ∆t in units of Gyrs rather
than scale factor.
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Figure A.19: Same as Fig. A.17 but for halos that recently experienced strong
tidal forces (TF > 1) and did not have a recent major merger. This figure il-
lustrates the relationship between tidal force history and the time of maximum
mass loss for halos in high density regions. In this case, ∆a represents the scale
factor delay between when a halo experienced its peak tidal force (apeak) and when
the halo had its maximum mass loss (∆a ≡ aMin(Mvir/Mpeak) − apeak). From the
top row, we see that the most common scenario is halos that have just reached
TFpeak (apeak = 1.0) and have experienced no mass loss. Presumably, many of
these halos will become subhalos in subsequent timesteps. We see that halos that
experienced the longest delay between apeak and the time of maximum mass loss
also lost more mass on average. It is likely that these are cases where halos were
previously subhalos one or more times but are distinct halos at z = 0. The bottom
row shows that tidally stripped halos typically have reached their minimum mass
at z = 0 (i.e., that 1.0 − apeak = ∆a). Halos seldom resume positive accretion
following strong tidal forces.
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Figure A.20: Same as Fig. A.19, but with time delay ∆t in units of Gyrs rather
than scale factor.
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