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ABSTRACT

Dwarf satellites in galaxy groups are distributed in an anisotropic and asymmetric manner, which is called the ‘lopsided
satellite distribution’. This lopsided signal has been observed not only in galaxy pairs but also in isolated systems. However, the
physical origin of the lopsided signal in isolated systems is still unknown. In this work, we investigate this in the state-of-the-art
hydrodynamical simulation of the MillenniumTNG Project by tracing each system back to high redshift. We find that the lopsided
signal is dominated by satellites located in the outer regions of the halo and is also dominated by recently accreted satellites.
The lopsided signal originates from the anisotropic accretion of galaxies from the surrounding large-scale structure and that,
after accretion, the non-linear evolution of satellites inside the dark matter halo weakens the lopsidedness. The signal decreases
as cosmic time passes because of a competition between anisotropic accretion and internal evolution within dark matter haloes.
Our findings provide a useful perspective for the study of galaxy evolution, especially for the origin of the spatial satellite galaxy

distributions.
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1 INTRODUCTION

The matter distribution across the Universe is homogeneous and
isotropic on large scales, which is in agreement with the predictions
of the Lambda cold dark matter (ACDM) cosmological model.
However, the anisotropy and inhomogeneity of the matter distribution
increases in localized regions. On scales of a few to hundreds of
megaparsecs, the distribution of matter is characterized by a web-
like structure known as the cosmic web, which is made up of knots,
filaments, sheets, and voids (Zel’dovich 1970; Bond et al. 1991).
Within galaxy groups, the phase-space distribution of dwarf satellite
galaxies around their central galaxies is anisotropic (Zaritsky et al.
1997, Brainerd 2005; Zentner et al. 2005).

In recent decades, numerous studies have been conducted on the
phase-space distribution of satellites (Knebe et al. 2004; Wang et al.
2005; Knebe et al. 2008; Libeskind et al. 2011; Pawlowski 2021b).
After along period of debate (Sastry 1968; Holmberg 1969), it is now
widely accepted that satellites are preferentially located around the
main axis of their central galaxies (Brainerd 2005; Libeskind et al.
2005; Agustsson & Brainerd 2010; Li et al. 2013; Welker et al. 2018;
Wang et al. 2019; Tang, Lin & Wang 2020). This alignment signal
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depends on the colour of the galaxy. The red satellites around the red
centrals show the most significant alignment, while the blue satellites
around the blue centrals are more randomly distributed (Yang et al.
2006; Azzaro et al. 2007; Kang et al. 2007). However, another
issue of satellite phase-space distribution, the so-called satellite plane
problem, is still not well understood and controversially discussed
(Shaya & Tully 2013; Gillet et al. 2015; Maji et al. 2017; Pawlowski
2018, 2021a; Pham, Kravtsov & Manwadkar 2023; Sawala et al.
2023). In the Local Universe, the brightest satellites of the Milky
Way (MW; Kroupa, Theis & Boily 2005; Metz, Kroupa & Libeskind
2008; Pawlowski & Kroupa 2013) and Andromeda (Conn et al. 2013;
Ibata et al. 2013; Wan et al. 2020) are found to be located in a thin
corotating plane, whereas such a satellite plane is rare (Ibata et al.
2014) in cosmological simulations. Recently, a similar satellite plane
was also discovered around the central galaxy Centaurus A (Tully
et al. 2015; Miiller et al. 2018).

In the Local Group, the MW and M31 are considered as a galaxy
pair, and there are 25 satellites located in the area between them.
By using galaxy pairs taken from Sloan Digital Sky Survey Data
Release 10 (York et al. 2000; Ahn et al. 2014), Libeskind et al. (2016)
discovered that 8 per cent more satellites than would be expected from
a uniform distribution are situated in the region between two hosts
of a galaxy pair similar to the MW-M31 pair, which is known as
the problem of the ‘lopsided satellite distribution’ (LSD). Following
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these observations, Pawlowski, Ibata & Bullock (2017) identified a
comparable signal of LSD in a galaxy pair in a ACDM cosmological
N-body simulation.

Examining isolated systems such as the MW and M31, it has been
observed that 7 of the 11 brightest MW satellites and 21 of the 27 M31
satellites are located in the same hemisphere. Studies of other MW-
like galaxies in the Local Volume, such as M101, have revealed that
7 of the 8 brightest satellites are located in one hemisphere (Merritt,
van Dokkum & Abraham 2014; Bennetet al. 2019, 2020). Brainerd &
Samuels (2020) investigated the satellite distribution around isolated
galaxies in the NASA-Sloan Atlas catalogue and found that the
probability distribution for the polar angles of the satellites differs
significantly from a random distribution. Wang et al. (2021) further
found that the lopsided signal depends on the mass, colour, and large-
scale environment, with satellites that reside in the large radius of
low-mass blue hosts exhibiting the most lopsided signal. Samuels
& Brainerd (2023) also studied the LSD by selecting isolated host
galaxies and their satellites from mock redshift surveys of an N-
body simulation and obtained results similar to those of Brainerd &
Samuels (2020).

Observations and simulations have both demonstrated that the
lopsided distribution of satellites is not exclusive to galaxy pairs, but
also applies to isolated galaxies. The magnitude of the lopsidedness
depends on both the mass and the colour. The physical source of
LSD has been explored, with Bowden, Evans & Belokurov (2014)
suggesting that the lopsidedness of M31 is more likely due to a dwarf
association falling into its halo than the tidal field of the MW. Gong
et al. (2019) found that the lopsided signal is generated from the
first satellite approach and weakens over time due to interactions
between satellite and central pairs. However, the origin of LSD
in isolated systems remains a mystery. It is worth investigating
whether the origins of LSD in isolated systems are similar to or
completely different from those in galaxy pair systems, given the
unique environment of isolated systems.

To understand the source of LSD in isolated systems, we inves-
tigate the history of these systems and study the development of
the LSD signal in the state-of-the-art MilleniumTNG hydrodynamic
simulation (see Section 2 and the references therein for more
details). The MilleniumTNG simulation is based on the IllustrisTNG
(Weinberger et al. 2017; Marinacci et al. 2018; Naiman et al. 2018;
Nelson et al. 2018; Springel et al. 2018; Pillepich et al. 2018a,
b) physics model but features a much larger volume at still high
resolution, making it possible to obtain a substantial galaxy group
sample to statistically explore the origin of LSD.

Our paper is structured as follows. Section 2 describes the
simulation we use and how we measure the intensity of the lopsided
signal. In Section 3, we look back at the evolution of the lopsided
signal and try to identify its origin by comparing lopsided and non-
lopsided systems in both the dark matter halo and the satellites
themselves. Section 4 provides a summary and a discussion.

2 DATA AND METHODOLOGY

We used the galaxy catalogue from the MTNG740 simulation of
the MillenniumTNG Project (hereafter MTNG; Herndndez-Aguayo
et al. 2023; Pakmor et al. 2023). This simulation was carried out in
a box size of (500 chc/h)3 or (738.1 chc)3 with cosmological
parameters taken from Planck (Planck Collaboration XIII 2016), i.e.
Qn = 0.3089, @, = 0.6911, Q, = 0.0486, and h = 0.6774. It
contains 4320% dark matter particles and 4320° initial gas cells, with
mass resolutions of 1.7 x 103 Mg, and 3.1 x 107 Mg, respectively.
Detailed information on the MTNG project refers to papers of
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Figure 1. A schematic diagram illustrating the calculation of the lopsided
angle 61op (left) and lopsided fraction fiop (right). The central galaxies are
shown with cloud-like symbols located in the centre, and small circles indicate
satellite positions around the central galaxies. In the left-hand panel, 6;; is the
angle between satellite pairs i and j. In the right-hand panel, Ny is the total
number of satellites in a given system, and Npax is the satellite number with
the semicircle that contains the most satellite galaxies.

Hernandez-Aguayo et al. (2023) and Pakmor et al. (2023). More
introductory papers of MTNG includes past lightcones (Barrera
et al. 2023), large-scale clustering (Bose et al. 2023), cosmological
parameters analysis (Contreras et al. 2023), intrinsic alignments of
galaxies and haloes (Delgado et al. 2023), weak lensing (Ferlito et al.
2023), halo occupation models (Hadzhiyska et al. 2023a), satellite
population model (Hadzhiyska et al. 2023b), and galaxy population
at high redshift (Kannan et al. 2023).

Dark matter haloes are identified by the Friend-of-Friend (FoF)
algorithm and substructures are identified by the SUBFIND-HBT
algorithm (Springel et al. 2021). The GADGET-4 code (Springel et al.
2021) was used to construct the halo merger trees. The merger trees
are self-contained, meaning that all subhaloes are in the same tree
as their progenitors and descendants, allowing us to easily trace the
history of galaxy groups.

In this study, we selected central galaxies with halo viral mass
Mgy greater than 10" Mo h™" and at least two satellites with a
total mass in their subhaloes greater than 10' Mg h~'. We use the
isolation criteria of Wang et al. (2021) to identify our target groups
as isolated groups, which are groups whose distance from the nearest
massive group (i.e. Mago > 10" Mg h™') is greater than 2 cMpc i~
‘We note that two primary parameters determine the sample selection
process: the mass of satellites and the distance used to define isolated
systems. Wang et al. (2021) has studied a variety of combinations
of these two parameters and found a weak dependence on them. For
further information, we refer the reader to fig. 4 in Wang et al. (2021).
In the end, 35 579 groups and 110 346 satellites were selected for the
following analysis.

To quantify the lopsidedness of a given isolated system, we define
the lopsided angle, 01, and the lopsided fraction fiop, as in Fig. 1. To
calculate 6, we project all the satellite galaxies on to the xy plane
and place the central galaxy at the origin. As mentioned in Wang
et al. (2021), the viewing angle (that is, the choice of projection
plane) does have an effect on the lopsided angle for a given system,
but there is a strong linear correlation between the calculated lopsided
signal projected in the 2D and 3D space. Thus, an arbitrarily chosen
projection of the xy-plane is suitable and does not affect the statistical
results. We calculate the lopsided angle as the average of angles
between central-satellite galaxy pairs 6, i.e.

910p=<9ij>s (1)

202 ABIN 1 U0 1saNB Aq /1.//19//S0%1/2/62SG/2I01E/SEIUW/ WO dNO"D1WLapED.//:Sd)ly WOl papeojumod



0.9} - :°

KON e
. S agupee o= e

0.8

1:Iop

0.7

0.6

0.%0 50 60 70 80 90 100 110 120
eIop

Lopsided satellite distribution in MTNG 1407

180

‘ ---- random

20

140

120

100

elop

80

60

40

20

Qoo 10T 102

Figure 2. Left-hand panel: Relation between the angle of lopsidedness and the fraction of lopsidedness. Each black dot represents a galaxy group in MTNG.
The blue dashed vertical line is the lopsided angle expected for a random distribution, that is, 90°. Right-hand panel: Lopsided signal 8, as a function of the
number of satellites per galaxy group. Shaded regions with different colours show random distributions from 1o to 3o, as labelled in the legend. The black dots

show the galaxy systems in MTNG.

where the subscript ij refers to satellite galaxies i and j. The expected
010p for a random distribution is close to 90°. However, in a lopsided
system, satellite galaxies are usually situated on one side of the
central, so the expected 6, would be less than 90°. For example,
the lopsided angle is 61, = 77.56° for the MW. It is important to
remember that the lopsidedness of two systems cannot be compared
simply by looking at their 0},,. For galaxy groups with only two
satellites, the 0}, for random distributions can vary greatly. On the
other hand, the dispersion for galaxy groups with a large number
of satellites is very small. Thus, the same 6}, can signify different
levels of lopsidedness depending on the number of satellites.

The second quantity is the lopsided fraction, fi,p. To calculate fiop,
it is necessary to draw a line through the centre of the galaxy to divide
the projected plane into two sections, with one of them containing
the maximum number of satellites. For a group with N, satellite
galaxies, we can fit a straight line passing the centrals with the
most satellites (NVmax) Oon one side in the xy-plane. Then the lopsided
fraction is defined as

N max

flop = .
Nyar

(@3]

In the local Universe, for example, the lopsided fraction is fio, =
0.82 for MW, which shows an obvious lopsided signal of its satellite
distribution.

The correlation between lopsided angles and lopsided fractions
is demonstrated in Fig. 2. This correlation is particularly evident in
a large number of satellite galaxies. When the number of satellites
is high, a larger fi,, implies a more pronounced lopsided signal.
However, this is not the case for fewer satellites, as all Ny, = 2 groups
have a fjo, of 1. Further details can be found in the appendix of Wang
et al. (2021).

The significance of a given system depends on the number of
satellites, Ng,. To determine whether a lopsided signal is inconsistent
with a random distribution, we calculate the significance of 6,4,. To
do this, for a system with a given Ny, we keep the distance between
each satellite galaxy and the central galaxy fixed but randomize
their angular distributions in the projected plane. We then repeat this
randomization 10 000 times and save the corresponding 60p ran €ach

time. We can then estimate the mean lopsided angle {(0}4p ran) for the
random process and the corresponding o (61pran) for each system
with the given Ng,. The significance is then calculated as

‘elop - (910p,Ran)‘
o'(‘91013,Rzm)

The right-hand panel of Fig. 2 shows three different coloured
shadows that signify 1o, 20, and 30 of the lopsided angle of the
random trials. Groups with different numbers of satellites show
different levels of significance. A considerable number of systems (~
5 per cent of the total) are located beyond 3¢, which demonstrates
a clear lopsided signal. The findings in Fig. 2 agree with those of
Wang et al. (2021).

3

significance =

3 RESULTS

3.1 General evolution of the lopsided signal

Inspection of some selected examples can help to intuitively elucidate
the origin of the lopsided signal and its evolutionary trajectory. In Fig.
3, we show the evolution of satellite distributions for three distinct
groups in three different snapshots, which we denote as snap n —
X, snap n, and snap n + X, corresponding to redshifts z = 0.25, z
= 0.1, and z = 0, respectively. The central galaxy in each group
is represented by a red star. The blue dots represent the satellites
that were present in the previous snapshot, while the orange dots
represent satellites that have recently been accreted from the large-
scale environment. The lopsided angle 6,,, changes from snapshot
n — X to snapshot n, showing the effect of satellite accretion from
the large-scale environment and from snapshot n to snapshot n + X,
corresponding to the internal evolution of satellites within the halo.

For Group 1 (top panels), the lopsided angle 6, remains un-
changed throughout the three snapshots, since the system had a large
number of satellites at snapshot n — X, and the relatively small
number of satellites that were accreted at snapshot n was insufficient
to modify the original lopsided signal.

For Group 2 (middle panels), the satellite distribution was lopsided
with 6o, ~ 42° in the snapshot n — X. The host accreted only
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Figure 3. The evolution of the satellite distribution of three galaxy groups is depicted from top to bottom. The three columns from left to right represent three
different snapshots corresponding to redshifts z = 0.25, z = 0.1, and z = 0. The red star in the centre of each snapshot represents the central galaxy. The dashed
circles indicate the viral radius at the corresponding snapshot time. The orange dots indicate satellites that were not present in the previous snapshot, while the
blue dots indicate satellites that were already present in the previous snapshot. We note that the relative size of the circle does not indicate the radius size. It is

used to make sure that all satellites show in the figure.

six satellites (orange dots) in snapshot n from the large-scale
environment, but the internal evolution of the existing satellites (blue
dots) caused the lopsidedness to increase to ~61°. From snapshot
n to snapshot n + X, satellites became almost randomly distributed
(B1op ~ 92°), mainly due to the effects of internal evolution.

In snapshot n — X, Group 3 (bottom panels) had a relatively
small number of satellite galaxies, and their distribution was close

MNRAS 529, 1405-1413 (2024)

to random. By snapshot n, the host had accreted more satellites
from the large-scale environment, although the original distribution
of the existing satellites was closer to the inner region and more
randomly distributed. Most newly accreted satellites cluster in the
same direction in the outer region, thus increasing the lopsided signal.
At snapshot n + X, more satellites moved to the centre, causing the
angle of lopsidedness to slightly increase.
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Figure 4. Relation between the lopsided angle 0},p and redshift. The solid
black line with circles is for the whole sample. The blue and red lines represent
the low-mass and high-mass subsamples. The LSD shows the same weakening
trend in both subsamples. The sudden decrease of the lopsided angle from z
= 0.5 to z = 0 can be attributed to the rapidly increasing contribution of the
low-mass subsample. The orange line shows result from Wang et al. (2021).
The error bars are determined using bootstrap method.

We can deduce that the lopsidedness of the satellite distribution is
mainly caused by two factors. The first is the satellites that fall into the
dark matter halo from the external environment, which is especially
important, since most of them are accreted from a single direction,
thus intensifying the signal. The second is the internal evolution of
the satellites within the host dark matter halo, which causes them
to move closer to the centre and randomize their distribution, thus
weakening the signal.

Investigating the evolution of LSD signals is a direct way to explore
their origin. Wang et al. (2021) demonstrated an slightly increase
of the lopsided angle 0o, (a decrease in the lopsidedness, which
can be seen in the orange line of Fig. 4) as the universe evolves
by studying isolated systems and calculating the lopsided angles at
various redshifts without tracing the systems back in time. In this
work, we trace the main progenitors of all target systems at z = 0
back to high redshifts until the satellite number is less than 2. Atz =
0, the sample is divided into two subsamples with a halo mass cut-off
of 102 Mgp h~".

In Fig. 4, we show the evolution of the lopsided angle 6, of the
main progenitors. The lopsided angle is given by the median value
of all systems in each bin, and the bootstrap error is provided. For
the entire sample, represented by the circles with the black line,
we find that the lopsided angle 6., increases from z = 4 to z =
0, indicating that the strength of the lopsidedness decreases from
high to low redshifts. This evolutionary trend is in agreement with
Wang et al. (2021), although the value of 0y, at a given redshift is
slightly different. The difference can be explained as follows. The
criteria used by Wang et al. (2021) to select isolated systems remain
unchanged regardless of redshift, leading to discrepancies between
their sample and ours. At higher redshifts, particularly for z > 3.5,
the sample size is drastically reduced (as seen in fig. 7f of Wang
et al. 2021) and the lopsided signal is driven mainly by massive
groups, thus weakening the lopsided signal (with larger 6y,p). The
red and blue lines represent the low- and high-mass subsamples,

Lopsided satellite distribution in MTNG 1409

respectively. The evolutionary trend of the low-mass and high-mass
subsamples is comparable to that of the entire sample. However,
the 0y, of the low-mass subsample is consistently lower (with more
lopsidedness) than that of the high-mass subsample. For the entire
sample, there is a sudden decrease in 0y, from z = 0.5 to z = 0.
We note that this does not mean a physical increase in LSD. This is
caused by the high fraction contributed by the low-mass subsample.
Considering the mass limit of the satellites at z = 0 and the fact
that each progenitor must contain at least two satellites, the fraction
of satellites by number decreases more rapidly than the high-mass
groups.

3.2 Lopsided signal with radial distribution and infall time

Following our previous conjecture that the LSD is dominated by
external accretion from the large-scale environment and internal
evolution within the halo, the spatial distribution and infall time of
the satellites are therefore essential for understanding the evolution of
lopsided signals. The satellite infall time, ¢, is defined as follows:
if at snapshot n the satellite was an independent FOF halo, while in the
next snapshot n 4 1 it was a part of a larger halo but still a subhalo
within the host, we use the corresponding epoch of snapshot n as
the infall time. The high time resolution of the outputs of MTNG
makes this definition feasible. We divide the entire sample into
two subsamples according to significance (as defined in equation
3). Systems with a significance less than 1o (~ 40 per cent of the
total) are labelled as not lopsided and systems with a significance
greater than 30 (~ 5 per cent of the total) are labelled as lopsided
subsample. Fig. 5 shows a direct comparison of the lopsided signal,
O10p, between the subsamples considering the infall time (upper
panel) and the radial distribution (lower panel) of the satellite
galaxies. The corresponding lopsided angles and errors are listed in
Table 1.

In the upper panel, we investigate the effect of the satellite infall
time on lopsidedness by selecting the 30 per cent earliest and
30 per cent latest accreted satellites as early-infall and late-infall
satellites, respectively, from both lopsided and non-lopsided systems.
We compare the median lopsided angles for different subsamples.
Two types of errors are considered for each subsample. The first type
is the measurement error caused by the limited sample size, which
is also listed in Table 1. This error is estimated using the bootstrap
method, similar to Fig. 4. The second source of error arises from
the our selected projection direction. Therefore, we generate 1000
random sightlines and estimate the error from the different median
010p measurements of the 1000 sightlines (the typical error is only
about 0.3°). The two types of errors are combined in quadrature to
obtain the final errors. The lopsided angle of the early-infall satellites
in lopsided systems is 41.58° (red star), while the late-infall satellites
have a lopsided angle of 18.18° (blue star). For non-lopsided systems,
the lopsided angles of early and late infall satellites are 92.62° (red
triangle) and 85.22° (blue triangle), respectively. The median value
reveals apparent differences between early and late infall satellites,
especially in lopsided systems.

In the lower panel of Fig. 5, we divide the satellites into two
groups based on their distances to the central galaxies, inner and
outer satellites. We select satellites with the smallest 30 per cent
(inner) and largest 30 per cent (outer) distances to their central
galaxies. We then calculate the lopsided angles of these two groups
for both lopsided and non-lopsided systems. For lopsided systems,
the inner and outer satellites have 6., = 42.45° (green star) and 6,p
= 16.21° (yellow star), respectively. For non-lopsided systems, the
corresponding values of 6, are 93.41° (green triangle) for the inner
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Figure 5. A comparison is conducted between the lopsided angle, 6jop, of lopsided and non-lopsided systems in terms of their satellite infall time (upper panel)
and radial distribution (lower panel). The two systems are distinguished by their significance, with lopsided systems having a significance greater than 30 and
non-lopsided systems having a significance less than 1o. The error bars are determined by adding in quadrature the errors using the bootstrap method and the

uncertainties from 1000 random projection directions.

Table 1. The number of groups, the lopsided angle, and the corresponding error for each subsample shown in Fig. 5.

Non-lopsided Lopsided
Early Late Inner Outer Early Late Inner Outer
Num 3597 3106 3340 2433 567 960 458 1079
Olop 92.62 85.22 93.41 76.29 41.58 18.19 42.45 16.20
Error 0.64 1.13 0.80 1.23 2.52 0.83 2.94 0.65
1.0
— all
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—— non-lopsided 0.8
1 € ’%
N 10 £0.6 -
g 2 S 1
g v [[T777 g 1
< 10° E0.4 M i
= 1 g 1
= : a :
107! 0.2 1 — all 0.2 1 — all
: —— |opsided : — |opsided
1 = non-lopsided 1 = nonlopsided
1 1
10T 100 0'00 1 2 4 5 6 O'00 1 2 3 4 5 6
r/R200 tiookback/GYr Atjookback/GYr

Figure 6. The left-hand panel displays the trend of the rescaled number density with respect to the radial distance from the halo centre. The middle panel shows
the cumulative distribution of the time when the satellites fell into the host. The right-hand panel illustrates the distribution of the time interval At of satellites
that have been accreted by the host. The solid red and blue lines in each panel represent the lopsided and non-lopsided systems, respectively, while the black

dashed line represents the entire sample.

regions and 76.30° (yellow triangle) for the outer regions. When
comparing the median values between inner satellite samples and
outer satellite samples, we find that the early and inner satellites have
larger lopsided angles (i.e. less lopsidedness) than the late and outer
counterparts. The hierarchical galaxy formation model suggests that
early-accreted satellites are mainly located in the inner part of the
dark matter halo, whereas late-accreted satellites are usually situated
in the outer regions.
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We show in the left-hand panel of Fig. 6 the radial number density
distributions that are rescaled by the number density p at Rp of
satellite galaxies for lopsided (red line) and non-lopsided (blue line)
systems, as well as the entire sample (black line) as a function of the
relative distance to the group centres (r/Ryq0), Where Ry is the halo
virial radius. Most of the satellite galaxies are located within 2R5(.
The two subsamples show considerable differences. Within Ry, the
satellite number density of the non-lopsided subsample is relatively
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Figure 7. The correlation between satellite survival time At and the strength
of their lopsided signal . Satellite survival time At is defined as At = fipfan
— t;, where fipgay is the infall time of a given satellite and ¢, is the time of a
given redshift z (labelled). The black dashed line shows the lopsided angle
of randomly distributed satellites. The error bars are determined using the
bootstrap method.

high, while for a radius larger than Ry, the satellite number density
of the lopsided subsample is relatively high.

In the middle panel, we show the distribution of the infall time #;,¢,
(defined in Section 3.2) of the entire sample and the two subsamples.
The right-hand panel shows the time interval At between the infall
of each satellite and the previous one. We found that for lopsided
systems, nearly half of the satellites are accreted within the same
time (At = 0 but not in the same single snapshot) and 80 per cent
within 1 Gyr (solid red line in the middle panel). For non-lopsided
systems, this fraction of Ar = 0 is reduced to around 20 per cent
(solid blue line in the middle panel). In the case of lopsided systems,
80 per cent of the satellites are successively accreted in a short period
of 1 Gyr (red solid line in the middle panel); however, non-lopsided
systems need 2.5 Gyr (blue solid line in the right-hand panel) to
reach that fraction.

In summary, we found that for lopsided systems, the majority of
their satellites were accreted recently over a relatively short time
frame and are located in the outer parts of halos. Conversely, for
non-lopsided systems, the majority of their satellites were obtained
in the past over a relatively extended period and they are situated in
the inner areas of halos.

The two types of system appear to be discrepant, which results
in different strengths of the lopsided signal. This could imply that
the lopsided signal originates from large scales when satellites are
accreted from the environment (Kang & Wang 2015; Libeskind et al.
2015). They bring anisotropies from the large-scale structure, but
it usually decreases when moving towards the centre of the halo
due to non-linear evolution within the haloes. One may wonder how
long this kind of memory lasts after a satellite has been accreted. To
understand this, we examine the relationship between the survival
time Ar of satellite galaxies after accretion and the strength of their
lopsided signal 0, at a given redshift z. Survival time is defined as
At = tiptan — 1, Where tiygy 1s the infall time of a given satellite and
t, is the time of a given redshift. Large At indicates that the satellites
were accreted early and evolved for a long time within the host halo.
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Fig. 7 shows the relation between At and 0},,. We can see a clear
trend that 6, increases first with growing At and then becomes
independent of Az. We find that at each z (except for z = 0 shown
in the solid red line), the lopsided angle is close to 90° for systems
with At > 0.3 Gyr, which implies that the lopsided signal brought
from infalling satellites does not survive for a long time. This trend
suggests a gradual weakening of the lopsided signal introduced by in-
falling satellite subhalos, which eventually leads to its near disappear-
ance after a certain period. The profiles of z = 1, 2, and 3 are similar,
while the profile of z = 0 is obviously lower. This can be attributed
to the large number of low-mass systems that we mentioned in
Section 3.1. The lopsided angle approaches 90° at At > 1.0 Gyr and
tends to become a flat profile for larger At, which is not shown here.

3.3 Satellite accretion along large-scale structure

In Section 3.2, we show that the lopsided signal is mainly due to
satellites that have recently been accreted and to those that are located
in the outer regions of halos. It is also observed that for lopsided
systems most satellites are accreted for a short period. However, if the
satellites were not accreted from a particular direction, i.e. uniform
accretion, the expected satellite distribution would still be random.
Shao et al. (2018) proposed that satellites of MW-like galaxies were
obtained in the group from the closest abundant filament. It has also
been suggested that the subhalos were accreted along the filament
direction (Kang & Wang 2015; Libeskind et al. 2015; Shi, Wang &
Mo 2015; Tempel et al. 2015). Combining the fact that the lopsided
signal comes from short-time satellite galaxy accretion events and
that satellites fell preferentially from the filaments, we can conclude
that the lopsided signal should be strongly correlated with the large-
scale structure.

We can verify this by looking at the pattern of satellite accretion
in relation to the large-scale structure. To do this, we first use the
Cloud-in-Cell algorithm with 10243 cells to generate the matter
density field p. We then solve the Poisson equation (V2¢ = 41tGp)
to obtain the gravitational potential ¢. The tidal tensor is derived
from the Hessian matrix of ¢ as T;; = 0;0 ;¢ at the position of the
targeted system (Wang et al. 2020). The three eigenvalues (ordered
as Ay > Ay > A3) of the tidal tensor indicate the strength of the
gravitational potential, and the three eigenvectors (ey, €3, €3) show
the direction of each eigenvalue. The sign of the eigenvalue can be
used to determine whether the gravitational force of the eigenvector
is inwards (positive) or outwards (negative). This allows us to
distinguish the environment of each halo through the number of
positive and negative eigenvalues. For example, the eigenvector e
associated with the smallest eigenvalue points to the direction of
the strongest expansion. Therefore, the eigenvector of a halo located
in a filament (which has two positive eigenvalues and one negative
eigenvalue) is aligned with the direction of the filament.

We investigate the relationship between satellite lopsided distribu-
tion and large-scale structure directions by calculating the cosine of
angles between the central-satellite direction e; and the eigenvector
e3 of the smallest eigenvalue, denoted cos(6,) = e; - e3. A random
distribution would have an expectation value <cos (8,) > = 0.5. If
cos (0,) is greater than 0.5, the satellites are more likely to be aligned
with the large-scale direction, and if it is less than 0.5, the satellites
are more likely to be perpendicular to the large-scale direction. We
examine cos (6,) both at z = 0 and at the infall time z = Zjya. For
Z = Zinfal, an alignment trend indicates that satellites are more likely
to be accreted along the filament direction.

In Fig. 8, we show the cumulative distribution of the cosine of
the angle between the satellite-central vector and the direction of
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Figure 8. The cumulative distribution function of the cosine of the angle
between the satellite-central vector and the primary large-scale structure
direction. The black dotted line corresponds to a uniform (isotropic) satellite
accretion relative to the large-scale structure. The black solid line is for the
satellites’ position at the present time (z = 0), while the blue dash—dotted line
represents the satellites’ position at the time of accretion.

the large-scale structure. It is clear that satellites at z = 0 (solid
black line) or z = zjnan (blue dashed dotted line) are more likely to
be orientated in the direction of the large-scale structure. Moreover,
there is a noticeable gap between the distributions for z = 0 and z =
Zinfall, indicating that the alignment at the time of accretion is stronger
than at z = 0. This implies that the satellites were accreted along
the direction of the large-scale structure, which contributes to the
generation of lopsided signals. Subsequently, the internal evolution
effect within the host dark matter halos causes the satellites to lose
their correlation with the directions of the large-scale structure,
resulting in a weakening of the alignment.

4 SUMMARY AND DISCUSSION

Observations and simulations have both revealed an asymmetric
distribution of satellites around paired galaxies (Libeskind et al.
2016; Pawlowski, Ibata & Bullock 2017) and isolated systems
(Brainerd & Samuels 2020; Wang et al. 2021). While the origin
of this lopsided distribution has been explored in paired galaxies
Gong et al. (2019), the physical origin of the same phenomenon in
isolated systems is still unknown. This paper investigates the origin
of the LSD around isolated central galaxies, using the state-of-the-art
hydrodynamical ACDM simulation MillenniumTNG. Our findings
can be summarized as follows.

(1) We have re-examined the lopsided signal of the isolated system
selected at z = 0. Our results agree with Wang et al. (2021, see Fig.
2).

(i1) The lopsided signal decreases with cosmic time, and this trend
is mass-dependent. High-mass systems experience slower fading,
whereas the reduction is more rapid for low-mass systems (see Fig.
4).

(iii) The lopsided signal at z = 0 is dominated by satellites located
at the outer parts of haloes and is also dominated by recently accreted
satellites (see Fig. 5).
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(iv) The lopsided signal originates from the anisotropic accretion
of satellite galaxies from the large-scale structure (see Fig. 8), and
after accretion, the non-linear evolution of satellites inside the dark
matter haloes weakens the lopsidedness (see Figs 7 and 8).

Our findings for the lopsided distribution of satellite galaxies at z
= 0 are in general agreement with the results of Brainerd & Samuels
(2020), Wang et al. (2021), and Samuels & Brainerd (2023). In
addition, we have explored the origin of this lopsidedness in isolated
systems. We studied whether the LSD is caused by the external large-
scale structure or the internal evolution of dark matter haloes. By
tracing systems back to the early universe, we examined the satellite
accretion pattern with respect to the large-scale structure and satellite
infall time, as well as the radial satellite distribution. We identified
the generation and evolution of lopsided signals from satellites.

The large-scale structure has a significant impact on the formation
of LSDs, as it is strongly associated with the pattern of satellite
accretion, which is characterized by a preferential accretion of
satellites along certain large-scale structure directions. This is in
agreement with the findings of Gong et al. (2019), who suggest that
the lopsidedness of both central pairs and isolated systems is the
result of the specific direction of satellite fall from the environment
(Libeskind et al. 2014; Kang & Wang 2015). The more and the
later satellites that fall into a galaxy group, the more pronounced the
lopsided signal becomes. Late-infalling satellites, which are more
likely to be located in the outer parts of dark matter haloes, are
particularly responsible for the lopsidedness.

Once the satellites are accreted, the internal evolution within the
dark matter halo and the external origin of the satellites begin to
compete. The relaxation of the dark matter halo causes the satellites
to become more isotropically distributed with time. The closer a
satellite galaxy is to the inner regions of a halo, the longer it has
experienced the influence of relaxation, making it lose more of the
memory it had from the large-scale structure.

Despite residing in the inner regions of the host halo, such satellites
nevertheless still exhibit some weak lopsidedness. What other factors
could be suppressing the relaxation of this signal, preventing it from
dissipating completely? How long does it take for the lopsidedness
caused by the large scales to be completely relaxed? The source of
the lopsidedness from the large-scale structure at early epochs has
yet to be explored. This is why satellites are accreted into dark matter
haloes in groups and aligned with the large-scale structure. Further
research is required to construct a full model of the generation of
anisotropy of the satellite distribution at high redshifts.

In addition, the lopsided distribution of satellites that we have
investigated in this work, as well as in previous studies, is based on the
definitions of central and satellite galaxies provided by the FOF and
SUBFIND-HBT algorithms. However, bridge-like configurations
sometimes caused by the FOF algorithm may affect the lopsided
signal by biasing the definition of the centre of the system. For
example, in the case of two merging systems with a very similar
mass of the central galaxies, the algorithm may identify them as
a single system. In such a double-centred system, the algorithm
will designate only one galaxy as central, and the others as satellite
galaxies, potentially creating a spurious lopsided signal. This issue
will be explored further in our future work.
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