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Abstract

We study the subhalo and satellite populations in haloes similar to the Milky Way (MW)-Andromeda paired
configuration in the Millennium II and P-Millennium simulations. We find subhaloes are 5%–15% more abundant
in paired haloes than their isolated counterparts that have the same halo mass and large-scale environmental
density. Paired haloes tend to reside in a more isotropic environment than isolated haloes, the shear tensor of their
large-scale tidal field is possibly responsible for this difference. We also study the thickness of the spatial
distribution of the top 11 most massive satellite galaxies obtained in the semi-analytic galaxy sample constructed
from the Millennium II simulation. Moreover, satellites that have lost their host subhaloes due to the resolution
limit of the simulation have been taken into account. As a result, we find that the difference in the distribution of
the satellite thickness between isolated and paired haloes is indistinguishable, which suggests that the paired
configuration is not responsible for the observed plane of satellites in the MW. The results in this study indicate the
paired configuration could bring some nonnegligible effect on the subhalo abundance in the investigation of the
MW’s satellite problems.
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1. Introduction

The Λ cold dark matter (ΛCDM) paradigm explains
successfully the large-scale structure of our Universe, including
the anisotropies of the cosmic microwave background (CMB)
radiation or galaxy clustering on large scales. However, the
observed satellites in our Local Group (LG), as the primary
probes of small-scale structures, pose challenges to our
cosmological model (e.g., Mateo 1998; Bullock & Boylan-
Kolchin 2017). The most controversial debates include, for
example, the “missing satellites” problem, i.e., the over-
abundance of predicted dark matter substructures compared
to observed luminous satellites in our Milky Way (MW)
(Moore et al. 1999), and the “too-big-to-fail” (TBTF) problem,
i.e., that the predicted most massive subhaloes in simulations
are too dense to host the observed most luminous satellites
(Boylan-Kolchin et al. 2011, 2012).

Many studies investigated how interactions between the host
halo and its satellites can reconcile the ΛCDM paradigm with
the puzzles by introducing baryonic physics, e.g., reionization,
SN feedback, and environmental effects, e.g., stellar stripping
and tidal destruction (e.g., Diemand et al. 2007; Macciò et al.
2010; Boylan-Kolchin et al. 2012; Garrison-Kimmel et al.
2013; Brooks & Zolotov 2014; Dutton et al. 2016). However,

these studies have yet failed to solve the small-scale problems,
and more works attempt to resolve this problem from
alternative perspectives. Wang et al. (2012b) suggested that
the lack of massive subhaloes simply indicates an overestimate
of the mass of the MW. Cautun et al. (2014) tried to extrapolate
subhalo abundance beyond the mass resolution limit of N-body
simulations and found ∼20% more substructures in MW-mass
haloes than those in other studies. Brook & Di Cintio (2015)
considered those dwarf galaxies with M* > 106Me can be
assigned to more massive haloes with mass-dependent halo
profiles. Sawala et al. (2016) found a good agreement between
the observed satellite population in the LG and those in the
simulated paired haloes with similar kinematical configuration
to our LG by adjusting the physical models such as reionization
and SN feedback in ΛCDM simulations. Smercina et al. (2018)
suggested that satellite galaxies perhaps form much more
stochastically than the dramatically increasing slope predicted
by the “standard” halo occupation models (e.g., Behroozi et al.
2013).
Besides the “missing satellites” and the “TBTF” problems,

another puzzling feature of our LG is that the classical satellites
of the MW lie on a spatially thin plane (e.g., Lynden-Bell 1976;
Kroupa et al. 2005; Shao et al. 2016), and with many of the
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satellites being orbiting within the plane (e.g., Metz et al. 2008;
Pawlowski & Kroupa 2013; Fritz et al. 2018; Shao et al. 2019).
Cautun et al. (2015) addressed that ∼10% of ΛCDM haloes
have spatially thin satellite planes and they are even more
prominent than those present in the Local Group. Nevertheless,
Shao et al. (2019) showed that the chance of having a
kinematically thin satellite plane in ΛCDM simulations is less
than 1%, and the satellite plane can be long-lived and can
persist for at least 4 Gyr. Samuel et al. (2020) also argued that
for hosts with an LMC-like satellite near the first pericenter, the
lifetime of MW-like planes could even increase ∼3 Gyr.

Several studies (Libeskind et al. 2005, 2011) showed that the
planes of satellites are a consequence of highly anisotropic
accretion such as the torques exerted by the surrounding large-
scale structures, like M31, which tilts the satellite orbits onto
the plane. This is most important for this work, we therefore
proceed by identifying in the N-body cosmological simulations
paired halo systems similar to the MW-M31 configuration. We
explore whether the existence of a massive companion can
affect the subhalo abundance of an MW-like halo. Also, we
will study the abundance and spatial distribution of the satellite
galaxies generated by the semi-analytic galaxy formation
model. The paper is organized as follows. In Section 2, we
describe the details of the simulations and the sample selection
criteria. In Section 3, we present the main results. We provide
our conclusions and discussions in Section 4.

2. Simulations and Samples

2.1. Simulations

We make use of two sets of N-body cosmological
simulations: Millennium Simulation-II (MS-II, Boylan-Kolchin
et al. 2009) and Planck-Millennium simulation (P-Mill, Jiang
et al. 2014; Baugh et al. 2018). MS-II traces the evolution of
21603 dark matter particles from 127 to 0 in a periodic box
with a side length of 137 Mpc. The dark matter particle mass
is 9.45× 106Me. MS-II uses cosmological parameters as
follows: Ωm= 0.25, ΩΛ= 0.75, Ωb= 0.045, σ8= 0.9 and
H0= 73 kms−1 Mpc−1. P-Mill has a larger box than MS-II
with a side length of 800Mpc. The simulation has 50403 dark
matter particles with a mass of 1.565× 108Me. P-Mill adopts a
Planck cosmology with parameters: Ωm= 0.307, ΩΛ= 0.693,
σ8= 0.8288 and H0= 67.77 kms−1 Mpc−1.

In order to study the satellite population in the simulation,
we make use of a semi-analytic model provided by Guo et al.
(2011) based on the MS-II. Semi-analytic model of galaxy
formation is flexible and computationally efficient in generat-
ing synthetic galaxy populations. The philosophy adopted in
the model is based on the (sub)haloes in merger trees. Galaxies
are populated into (sub)haloes by solving a set of differential
equations that govern the cooling of gas in haloes, star
formation, feedback from stars and black holes, chemical
enrichment, and the evolution of stellar populations. The free

parameters in the model are calibrated according to a selection
of observed properties of the local galaxy population. We refer
the reader to Guo et al. (2011) for more detailed descriptions.
In both simulations, haloes were identified using the friends-

of-friends (FOF) method (Davis et al. 1985). The linking length
is 0.2 times the mean particle separation. The haloes were then
processed to identify gravitationally bound substructures
performed by applying the SUBFIND code (Springel et al.
2001) to the dark matter particles associated with each FOF
halo. The objects were split into main haloes and subhaloes.
The main haloes are characterized by their mass, M200, and
radius, R200, which correspond to an enclosed spherical
overdensity of 200 times the critical density.

2.2. Sample Selection

We want to work with a representative sample of similar
halo mass to our MW. Thus, we select MW-mass haloes by
requiring the host halo mass to be in the range M200 ä [0.1,
2]× 1012h−1Me for the MS-II simulation, and a smaller mass
range M200ä [0.7, 2]× 1012h−1Me for the P-Mill simulation
since its mass resolution is roughly 10 times lower than MS-II.
The wide mass range is due to the large uncertainties in the
estimates of MW halo mass (e.g., Callingham et al. 2019;
Wang et al. 2020). We then select the Local Group-like sample
by requiring that two MW-mass haloes lie within a separation
distance in the range d ä [0.7, 1.2] Mpc. We require that any
such paired haloes do not overlap with any other more massive
haloes. Thus, we exclude all paired haloes that have a
companion within 1.4 Mpc with its mass larger than any of
the paired haloes. We refer to the haloes in the Local Group-
like sample as the pair sample.
Generally speaking, paired haloes are formed in high-density

regions, such that they have more subhaloes than their isolated
counterparts with the same halo mass (e.g., Ishiyama et al.
2008). For a fair comparison between the two samples, we
require the difference in environment density ( ( )-Mlog10 2 5 )
between the two samples to be smaller than 0.01. M2–5 is
defined as the total mass of dark matter particles within a
spherical shell in the range of 2–5Mpc. As studied in Han et al.
(2018), the DM density of outer regions of DM haloes is a good
proxy for modeling the large-scale environment of galaxies.
Since more massive haloes tend to have more subhaloes (Gao
et al. 2004), we further select haloes from the MW-mass
sample to have a counterpart in the pair sample with the
minimum difference in their halo mass being smaller than 0.01.
We refer to these MW-mass haloes as the control sample.
In this work, we take into account the subhaloes that reside

within R200 from the center of each halo. To eliminate the
affection caused by the accretion of extremely massive subhaloes
(e.g., Wang et al. 2013; Deason et al. 2014; Shao et al.
2018a, 2018b), we further exclude haloes from the sample if any
of its subhaloes satisfies Msub/Mhost> 0.15, where Msub is the
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sum of the mass of the bound DM particles that are associated
with this subhalo. Finally, we obtain 3263 and 18,871 control/
pair samples that satisfy our selection criteria in MS-II and P-Mill,
respectively. The distributions of the M200 and M2−5 of these
samples are shown in Figure 1. The control and pair samples have
almost identical distributions in either of the simulations. This
indicates that the effect on the satellite abundance caused by the
background density has been significantly reduced.

As pointed out by Springel et al. (2008), the subhalo mass
function at the low-mass end is strongly affected by the mass
resolution of the simulation. Therefore, at least a few hundred
particles are required to resolve the smallest subhaloes in low-
resolution simulations, to converge with the results in high-
resolution simulations. We perform a careful check on this
issue in five clusters with mass of M200∼ 1.0× 1015h−1Me

and 1.4× 1014h−1Me in P-Mill and MS-II, respectively. In the
top panel of Figure 2, we show the differential subhalo
mass function and the best-fitting power-law relation of these
two samples. The data deviates significantly from the best-
fitting line below subhalo mass, 1.4× 109h−1Me and 1.7×
1010h−1Me, for MS-II and P-Mill, respectively. The two
masses roughly correspond to 200 particles in the two
simulations. Thus, we consider subhaloes with at least 200
particles to be completely resolved in the simulations.

3. Results

In Section 3.1, we present the subhalo and satellite
abundance in the pair sample and control sample and discuss
the causes for the difference in the two samples. In Section 3.2,
we present the spatial distribution of the 11 most massive
satellites in the two samples, which includes satellite radial
distribution and the thickness of the plane of satellites.

3.1. Subhalo and Satellite Abundance

In this section, we check the abundance of the subhaloes in
the pair and control samples in two simulations; we use the
bootstrap resampling method to estimate the mean value and
variance of the subhalo abundance for each sample. We further

Figure 1. (Left) The cumulative distribution functions of M200 of hosts in pair samples (solid lines) and control samples (dashed lines) in P-Mill (red lines) and MS-II
(blue lines). (Right) The cumulative distribution functions of the environmental density, M2−5 of hosts in the two samples.

Figure 2. (Top) The differential subhalo abundance as a function of the scaled
subhalo massMn ≡ Msub/M200 of clusters in P-Mill (solid blue, α ∼ 0.927) and
MS-II (solid red, α ∼ 0.925). The mean M200 of the five clusters
is ∼1.0 × 1015h−1Me and 1.4 × 1014h−1Me in P-Mill and MS-II, respectively.
The dashed lines represent the fitted mass functions. (Bottom) The ratio of the
differential subhalo abundance to the fitted value as a function of Mn in MS-II
and P-Mill. The arrows represent the smallest subhalo mass 1.4 × 109h−1Me

and 1.7 × 1010h−1Me for MS-II and P-Mill, respectively, i.e., Ncrit ∼ 200 in
both simulations.
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study their correlation to the formation time and the local
environment of host halos. We also study the abundance of
satellites in the two samples with the galaxy catalog extracted
from Guo et al. (2011).

3.1.1. Subhalo Abundance

In the top-left panel of Figure 3, we show the cumulative
abundance of subhaloes as a function of their scaled subhalo
mass Mn in the pair and control samples for the two
simulations. The arrows indicate the subhalo mass limit due
to the resolution effect in the MS-II and the P-Mill. In both
simulations, subhaloes in the pair sample are more abundant
than those in control samples for all scaled subhalo mass. As
shown in the left-bottom panel, the excess of subhalo
abundance (δN/N=Nsub,pair/Nsub,control− 1) increases as
increasing scaled subhalo mass from δN/N≈ 5% at
Mn= 0.02 to δN/N≈ 12% and 18% at Mn= 0.1 for MS-II
and P-Mill, respectively. We have to note that the subhalo
overabundance is mainly contributed by the more massive
haloes in the pair sample, which is shown in Appendix A.

We have to note that the difference in the subhalo abundance
between MS-II and P-Mill is non-negligible. This could be
caused by the uncertainty in the estimate of subhalo mass.
Therefore, we use an alternative quantity, the maximum
circular velocity Vmax, to cross-check the result. We define the
scaled maximum circular velocity Vn as V Vmax

sub
max
host, where

Vmax
host is the circular velocity of the host halo. The result is

shown in the right panel of Figure 3. We find a good agreement
between the two simulations and an excess of subhalo
abundance in the pair sample compared to control samples as

a function of the scaled maximum circular velocity Vn.
Particularly, in P-Mill, the subhaloes are 10% more abundant
in the pair sample than those in the control sample for
subhaloes with Vn> 0.6 which is equivalent to ~Vmax

-60 kms 1; this is the value for the most massive satellite,
LMC, in our MW. This indicates that the change of having
an LMC-mass satellite is enhanced in paired haloes like our
Local Group.

3.1.2. Formation Time and Environmental Effect

We found subhaloes are more abundant in the pair sample
than that in the control sample. We explore the reason for this
overabundance in two aspects: (1) the assembly history of the
halo; (2) the anisotropy of the halo’s cosmic web environment.
We first check the halo assembly history via its formation
redshift zf that is the time when the halo reaches half of its final
mass, M200, z0. The formation redshift of host haloes in MS-II
simulation is presented in the left panel of Figure 4. We find
that the distributions of halo formation time in the control
sample and pair sample are almost identical, which indicates
that the entire halo assembly history is not responsible for the
difference in the subhalo abundance. Nevertheless, we have to
note that subhaloes at infall can experience strong tidal
stripping by their host halo (Han et al. 2016), and this stripping
process could be very different between the two samples.
We exclude the effect on halo properties by environment

density when constructing our samples. Here, we quantify the
effect of another environmental factor, α, the tidal anisotropy
of a halo’s cosmic web environment, on the abundance of
subhaloes. The parameter, α, is defined as ( )d+q 12 , where

Figure 3. The subhalo abundance as a function of the scaled subhalo mass Mn ≡ Msub/M200 (left panel) and the scaled maximum circular velocity ºV V Vn max
sub

max
host

(right panel) in pair (solid lines) and control samples (dashed lines) in MS-II (red lines) and P-Mill (blue lines). (Bottom left) The relative difference of well-resolved
subhalo abundance as a function ofMn in MS-II (red solid line) and P-Mill (blue solid line). The dotted lines represent subhaloes that are not well-resolved. The arrows
indicate the upper limits of critical subhalo masses in both simulations. The shadow regions represent 1σ scatter calculated from the bootstrap resampling method.
(Bottom right) The relative difference of the subhalo abundance as a function of Vn in MS-II and P-Mill.
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q is the halo-centric tidal shear (Heavens & Peacock 1988;
Catelan & Theuns 1996), δ is the halo-centric overdensity. For
more details, we refer the reader to Paranjape et al. (2018) (see
also Ramakrishnan et al. 2019). By definition, haloes that
reside in highly isotropic local environments have a low value
of α< 0.2 while haloes that reside in the anisotropic
environment (e.g., filament) have a large α> 0.5. As shown
in the right panel of Figure 4, the tidal anisotropy of pair and
control samples show significantly different distributions with a
KS test p-value of 10−16. We find that there are 2.62% and
1.68% of haloes residing in highly isotropic environments
(α< 0.2), while there are 66.69% and 75.14% of haloes
residing in anisotropic, filament-like environments (α> 0.5)
for pair and control samples, respectively. This result suggests
that it is more likely to find a paired halo in the isotropic
environment than that in the anisotropic environment.

To confirm this result, we also classify the environment into
four different types: void, sheet, filament, and knot according
to the tidal tensor around the halo (Forero-Romero et al.
2009). This classification is based on the evaluation of the
Hessian of the gravitational potential. We use a smoothing
scale, Rs= 0.8h−1 Mpc, and a threshold eigenvalue, λth= 0.1,
for the calculation. We find that 13.78% of the pair sample
reside in knots that correspond to the isotropic environment;
this fraction is nearly 50% higher than the control samples
with only 9.26% of the sample residing in knots. This agrees
with the result obtained from the calculation of tidal
anisotropy. Thus, the overabundance of subhalo in the pair
sample could be enhanced in the isotropic, knot-like

environment. This is consistent with the previous study
(Metuki et al. 2015).

3.1.3. Satellite Abundance

From the observational perspective, it is also interesting to
study the luminous satellite abundance in the two samples. We
therefore evaluate the difference in satellite abundance as a
function of stellar mass M sat between the pair sample and
control sample by making use of the semi-analytic galaxy
catalog (Guo et al. 2011). In the semi-analytic model, we can
keep track of “orphan satellite galaxies”, whose subhaloes have
been disrupted below SUBFIND’s detection limit of 20
particles after falling into the host halo. We refer to these
“orphan satellite galaxies” as Type-II satellites and the rest with
surviving subhaloes as Type-I satellites.
As shown in Figure 5, we find Type-I satellites are at least

∼5% more abundant in the pair sample than that in the control
sample, which is in accordance with the result of subhalo
mass distributions in MS-II. However, when Type-II satellites
are taken into account, the pair sample only shows a very
weak excess (∼2%) in the satellite abundance at the high-
mass end, albeit with a very large scatter. This suggests that
the large discrepancy in the subhalo abundance is mainly due
to the fact that massive subhaloes have experienced very
different tidal stripping processes between the control and pair
samples. We further check this result by tracking back all the
satellites prior to their infall when their subhalo mass peaked,
and find that the subhaloes in the pair sample are also ∼2%
more abundant than those in the control sample, which is

Figure 4. (Left) The probability density of the formation redshift of pair sample (red solid) and control sample (red dashed) in MS-II. Vertical arrows represent the
medians of formation redshift for the two samples which are almost identical, z ≈ 1.4. (Right) The probability density of the tidal anisotropy in halo environments. The
median of the distribution is α = 0.65 for the pair sample and α = 0.77 for the control sample. The vertical gray lines represent the highly isotropic regime (α < 0.2)
and the anisotropic regime (α > 0.5).
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consistent with the result for their satellites at z= 0 (see
Appendix B).

3.2. Satellite’s Spatial Distribution

Most of the MW satellites define a tight plane (e.g., Kunkel
& Demers 1976; Kroupa et al. 2005; Lynden-Bell 1976;
Shao et al. 2016) that shows some degree of coherent rotation
(e.g., Pawlowski et al. 2013; Shao et al. 2019). In this section,
we investigate whether a massive companion halo, like M31,
could affect the spatial distribution of the 11 most massive
satellites in the MW. The satellites are ranked by their stellar
mass according to the results of the semi-analytic model.
Because of the mass resolution limit, even in MS-II, the
subhalo of the top 11 satellites cannot be fully resolved. For
each of these satellites, namely Type-II galaxies, a position is
assigned by tracking the most bound particle of the host
subhalo from the time it was last resolved. As Wang et al.
(2012a) pointed out, the radial distribution of the top 11
galaxies including these galaxies is in reasonable agreement
with their higher resolution counterparts. So here we include
these type-II galaxies in our sample.

3.2.1. Radial Distribution of the Top 11 Satellites

We present the cumulative radial distribution of the top 11
satellites in the pair and control sample in Figure 6. We stacked
the satellite radial distances normalized by the R200 of their host

haloes. Type-I satellites are more abundant at the inner halo in
the pair sample than those in the control sample. However,
when Type-II satellites are accounted for, the difference
between the two samples becomes negligible. This suggests
that tidal stripping is more efficient in the pair sample than in
the control sample.

3.2.2. The Thickness of the Satellite Plane

Here, we quantify the thinness of the top 11 satellites for
each system by fitting the positions of satellites to a best-fitting
plane with the rms of the heights of satellites to the plane being
the minimum. Following the definition by Kang et al. (2005)
and Kroupa et al. (2005), thickness is defined as hrms/Rcut,
where Rcut is the radial extent of the satellite system which is
equivalent to R200 in this study. In Figure 7, we present the
distribution of the thickness of the satellite planes for the pair
and control samples. The thickness of the 11 classical satellites
of the MW is 0.074, which is at the tail of the distribution from
the MS-II simulation, and only ∼7% of the simulated satellite
systems are even more prominent than the observed value of
the MW’s satellites, which agrees with the results in the
previous literature (e.g., Wang et al. 2012a; Shao et al. 2016).
The two distributions have the same standard variance of 0.05
which is shown in the shaded region. The difference between
the two distributions is indistinguishable with a K-S test p-
value of 0.85.

Figure 5. (Top) Satellite abundance as a function of scaled stellar mass,

M Msat
200 in the pair sample (solid lines) and control sample (dashed lines) for

type-I satellites (red lines), and for type-I+II satellites (black lines) in MS-II.
(Bottom) Relative difference of satellite abundance of type-I (red line) and type-I
+II satellites (black line) between the pair and control samples. The shadow
regions represent 1σ scatter calculated from the bootstrap resampling method.

Figure 6. (Top) The cumulative radial distribution for the top 11 satellites
within R200 from the center of the hosts in the pair sample (solid line) and
control sample (dashed line). The black lines represent all the top 11 satellites;
the red lines represent only the type-I in the top 11 satellites. (Bottom) The ratio
of satellite fraction in the pair sample to that in the control sample.
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4. Conclusion and Discussion

In this work, we use two simulations, P-Mill and MS-II, to
study the subhalo abundance in Local Group-like (pair) and
MW-like (control) haloes. We study the dependence of
subhalo abundance on the assembly history of the host halo
and the surrounding large-scale structure. We also explore
the satellite abundance and the flatness of satellite planes in
pair and control haloes with the semi-analytic galaxy catalog
extracted from Guo et al. (2011). Our main results are
summarized as follows.

1. The haloes in the pair sample have ≈5% more subhaloes
than those in the control sample for low-mass subhaloes
with scale mass Mn= 0.02. The overabundance increases
with increasing subhalo mass with the value being ≈15%
for high-mass subhaloes Mn= 0.1.

2. Haloes in the two samples have identical formation
histories, which suggests that the overabundance is not
due to the assembly history of the halo.

3. Haloes in the pair sample tend to reside in an isotropic, knot-
like environment. By construction, the two samples have the
identical distribution of halo mass and environmental
density, thus, the large-scale tidal field should be responsible
for the overabundance of subhaloes seen in the pair sample.

4. By using the semi-analytic galaxy catalog, type-I
satellites in the pair sample show a similar subhalo
overabundance compared to the control sample.

5. We find the difference in the spatial distribution of the top
11 satellites between the pair and control samples is
indistinguishable. This suggests that the plane of satellites
seen around our MW is not due to the existence of M31.

Our result is robust for the most massive subhaloes that have
deep potential to host the most massive satellites, e.g., LMC, in
our MW. However, limited by the resolution of our simula-
tions, the faintest subhaloes and satellites are not completely
resolved. Besides, we do not find a significant difference in
radial distribution and thickness of the top 11 satellite systems
between the pair sample and the control sample. This could be
due to the uncertainties in the positions of those satellites that
have lost their subhalo. We expect that a higher-resolution
simulation could solve these issues. The origin of the difference
in the subhalo mass function perhaps results from the
discrepancy in the tidal stripping and evolution of the
environment between the pair and control samples, which we
will explore in more detail in future studies.
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Appendix A
Subhalo Abundance in More Massive Haloes in the

Pair Sample

We split the haloes in the pair sample into two subsamples
according to the halo mass,M1 andM2 (M1<M2). As shown in
Figure A1, subhaloes in high-mass haloes are more abundant
than low-mass haloes in pair sample with respect to the control
sample.

Appendix B
The Peak Mass Function of Subhaloes

Figure A2 shows the scaled peak mass function of subhaloes
between the control and pair samples in the MS-II. We track
back both the Type-I and Type-II satellites prior to their infall
when their subhalo reached their peak mass, Msub

peak. The
subhaloes in the pair sample is ∼2% more abundant than those
in the control sample, the result is consistent with the satellite
abundance when Type-II satellites are included, as shown in
the black lines in Figure 5.
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