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ABSTRACT

It is well known that satellite galaxies are not isotropically distributed among their
host galaxies as suggested by most interpretations of the ACDM model. One type of
anisotropy recently detected in the SDSS (and seen when examining the distribution
of satellites in the Local Group and in the Centaurus group) is a tendency to be so-
called “lopsided”. Namely, in pairs of galaxies (like Andromeda and the Milky Way)
the satellites are more likely to inhabit the region in between the pair, rather than on
opposing sides. Although recent studies found a similar set up when comparing pairs
of galaxies in ACDM simulations indicating that such a set up is not inconsistent
with ACDM, the origin has yet to be explained. Here we examine the origin of such
lopsided setups by first identifying such distributions in pairs of galaxies in numerical
cosmological simulations, and then tracking back the orbital trajectories of satellites
(which at z = 0 display the effect). We report two main results: first, the lopsided
distribution was stronger in the past and weakens towards z = 0. Second, the weakening
of the signal is due to the interaction of satellite galaxies with the pair. Finally, we show
that the z = 0 signal is driven primarily by satellites that are on first approach, who
have yet to experience a “flyby”. This suggests that the signal seen in the observations
is also dominated by dynamically young accretion events.

Key words: Local Group — galaxies: evolution — galaxies: formation — Galaxy: kine-
matics and dynamics — cosmology: theory — dark matter

1 INTRODUCTION One of the defining features of this scenario is that the
dark matter haloes are continually merging with one an-
other. Because of the nature of the power spectrum of fluc-
tuations measured in the CMB, the majority of the merger
events will involve small, low mass haloes (Lacey & Cole
1993). Indeed studies such as Genel et al. (2010) have shown
that Milky Way mass haloes gain just 20—30% of their mass
via discrete resolved mergers (with a mass ratio of less than

10:1) and 70-80% via smooth ambient accretion (but see
the first dark matter haloes. Dark matter haloes proceed to also: Fakhouri & Ma 2008; Stewart et al. 2008; Madau et al.

grow hierarchically via gravitational instability (Zeldovich o0 A 1o1g & White 2010; L Huillier et al. 2012). Often the
1980) in a “bottom-up” fashion: small haloes merge to form . .
. dynamical time needed for such small haloes to lose enough
larger ones and so on (White & Rees 1978). . .
angular momentum so that tidal forces can rip them apart
them is quite long (e.g. equation 2 in Wetzel & White 2010).
As a result small “satellite” galaxies exist in abundance in

The favoured scenario for how structures in the Universe
form is known as the ACDM paradigm, wherein the uni-
verse is composed primarily of dark matter (~ 26%), dark
energy (~ 70%) and baryons (~ 4%) (Planck Collaboration
et al. 2014). Accordingly, small perturbations in the other-
wise nearly homogeneous density field, decouple at high red-
shift from the expansion of the Universe and collapse to form
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the nearby environment of larger galaxies (Tollerud et al.
2008; Koposov et al. 2008; Newton et al. 2018).

Such dwarf galaxies are observed to cluster in the vicin-
ity of larger galaxies (Pawlowski et al. 2012; Mufioz et al.
2015; Ordenes-Briceno et al. 2018; Taylor et al. 2018). The
geometry of this clustering has been a subject of investiga-
tion at least since Holmberg (1969) identified an anisotropy
in the distribution of satellites surrounding disk galaxies. In-
deed, there is an open debate in the literature on if satellite
galaxies are distributed isotropically based on observation
(e.g. Kroupa et al. 2005; Ibata et al. 2013, 2014b; Liighausen
et al. 2014; Pawlowski 2018; Tully et al. 2015; Cautun et al.
2015b; Miiller et al. 2016; Bullock & Boylan-Kolchin 2017;
Arakelyan et al. 2018, among others); and if the satellite
galaxies are distributed anisotropically, whether or not there
is a persistent sense of orientation or rotation among them
(Metz et al. 2008; Pawlowski et al. 2013; Ibata et al. 2014a;
Miiller et al. 2018); and when there is, whether such a struc-
ture could maintain itself (Bowden et al. 2014). Most of these
studies have explicitly focused on the anisotropy of satellite
distributions of field galaxies (as opposed to galaxies in clus-
ters or pair of galaxies). Yet recently, the anisotropic distri-
bution of the satellites of galaxies pairs has been brought to
attention, which has been seen in the Local Group as well as
in the Centaurus group (Miiller et al. (2015), Miiller et al.
(2017)).

The existence of galaxy pairs (such as the two main
galaxies of the Local Group and those of the Centaurus
group) presents the cosmologist with a unique testing ground
for questions related to structure formation and the cosmo-
logical model. This has been recognised at least since the
timing argument of Kahn & Woltjer (1959) who famously
used the dynamics of the Local Group to compute its mass
according to a cosmological paradigm (see also extensions
such as Partridge et al. 2013). Indeed in recent years there
has been an abundance of work that examines in detail the
properties of pairs in both large sky surveys (e.g. Ellison
et al. 2008; Shen et al. 2016; Behroozi et al. 2015; Tempel
& Tamm 2015; Gordon et al. 2017, to name a few) or in
numerical simulations (e.g. Moreno et al. 2013; Perez et al.
2009; Kelley et al. 2018, and references therein). The vast
majority of these studies have focused on pairs for the pur-
pose of understanding the physics of galaxy formation and
galaxy conformity (Kauffmann et al. 2013), namely how liv-
ing in a pair (and the eventual merger) affects a galaxy’s
star formation efficiency, gas reservoir and morphology.

A number of recent projects have extended the research
on satellite galaxy distribution from those around isolated
field galaxies towards those which inhabit galaxy pairs, and
have compared the distribution of small satellites in these
two types of environment when their hosts are of similar
mass and other characteristics. Since only a handful of such
pairs have been both spectroscopically confirmed and im-
aged with sensitivity down to the smallest dwarfs (for ex-
ample the Centaurus A - M83 pair), most people wishing to
examine satellites of galaxy pairs must turn to large pho-
tometric catalogues (e.g. Wang et al. 2019, among many
others) and employ stacking.

Libeskind et al. (2016) examined the distribution of
satellite galaxies near pairs of galaxies that resemble the “Lo-
cal Group” (in a very broad sense) identified in the SDSS.
Since each pair in such a survey has just a few satellites, any

trend in the distribution of satellites is revealed by stacking
tens of thousands of such pairs. They recovered the well
known result that satellites are distributed anisotropically
or ellipsoidally (and not spherically) among their hosts (see
also Sales & Lambas 2004; Libeskind et al. 2005; Agustsson
& Brainerd 2010; Libeskind et al. 2015a; Libeskind et al.
2015b; Cautun et al. 2015a). The analysis further revealed
that satellites of galaxy pairs identified in the SDSS show a
statistically significant tendency to bulge towards the part-
ner galaxy, in a lopsided manner. This effect was coined “the
Lopsided distribution of satellite galaxies” owing to its ovu-
lar or egg-like configuration. While the small satellites are
found to preferentially inhabit the region between the pair,
this striking effect was shown not to be a result of projec-
tion effects or simply the overlapping of two independent
satellite distributions. It should be noted that the satel-
lites of Andromeda display exactly the same lopsidedness
with the majority on the near side of M31. (Bowden et al.
(2014) addressed this issue analytically ruling out tides as
being responsible, but suggesting that recent group accretion
may explain the effect.) Interestingly after the publication
of Libeskind et al. (2016), Epps & Hudson (2017) found a
very similar signal by stacking lensing images of pairs, albeit
on slightly larger scales (see also De Graaff et al. 2017).

Since then, Pawlowski et al. (2017) has found such a
lopsided effect of satellite galaxy distribution in different
ACDM simulations confirming that such an arrangement
is a feature of the cosmological paradigm, possibly even a
generic one. Although the strength of the signal found in
simulations is not identical to that found in observations,
the discrepancy can easily be attributed to the slight differ-
ences in the samples being compared, and to fore- and back-
ground contaminations in the observed sample. Pawlowski
et al. (2017) noted that although successful in finding such
a lopsided distribution, the evolutionary history and causal
mechanism for the lopsidedness was left unexplained.

To some degree, in this study, we pick up where
Pawlowski et al. (2017) left off. We conduct an investiga-
tion into the origin of the lopsided satellite distribution in
galaxy pairs like the Local Group which are found in the
cosmological simulations. Due to the nature of our study we
are then able to track these lopsided distributions back in
time and investigate their origin. In doing so we characterize
the accretion history of the satellites and their host haloes.

2 METHODS

In this section we describe how our sample of halo pairs (and
their satellites) are identified.

2.1 Simulation and the identification of haloes
and subhaloes

For our analysis, we use the “Extremely Small Multidark”
simulation (ESMD). ESMD is an extension of the Multi-
dark suite of pure N-body simulations! (Klypin et al. 2016).
This is a dark-matter-only N-body simulation assuming a
ACDM power spectrum of fluctuations according to the

see https://www.cosmosim.org for more detailed information.
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Figure 1. A sketch of a typical binary halo system. The pair is
separated by a distance dsep. Haloes or subhaloes that are within
1/2 the separation distance, i.e. dsga < 0.5dscp from a host are
identified and referred to as satellites of that host (colored red
and blue here). For illustration, the position angle 8 of a satellite
(in magenta) of its host (in blue) is measured between the line
connecting the pair and a satellite’s position vector. 6, indicates
the angle between the velocity of the satellite (V) and its position
angle and is a measure of how radial the infall is. The bigger circle
indicates the exclusion range (see criteria (iii)), beyond which a
third halo which is more massive than the less massive member
(red) of the pair cannot trespass (e.g. the halo in green).

Planck cosmological parameters (Rodriguez-Puebla et al.
2016; Qp = 0.69, Qpr = 0.33, 0g = 0.83 and Hy = 67.77 km
™1 Mpc_l). The simulation consists of Npart = 20483 parti-
cles in a periodic box of side length Lyo, = 64 h~'Mpc. Such
a simulation achieves a mass resolution of 2.6 x 10° h Mg
per particle and a spatial softening length of 1h kpe.

The haloes and subhaloes in the simulation are iden-
tified using the publicly available ROCKSTAR halo finder
(Robust Over-density Calculation using K-Space Topolog-
ically Adaptive Refinement) which is described in detail in
Behroozi et al. (2012). We briefly summarise how ROCK-
STAR works but refer the reader to Behroozi et al. (2012) for
details. ROCKSTAR is a massively parallel method of identi-
fying haloes and their substructures based on adaptive hier-
archical refinement of friends-of-friends (FOF) groups in six
phase-space dimensions and one time dimension.

The halo finder begins by identifying 3DFOF groups
based only on positional information. Then with these
3DFOF groups, ROCKSTAR adaptively chooses a phase-space
linking length based on the standard deviations of the par-
ticle distribution in position and velocity space. In this
way subhaloes can be identified and are then assigned to
their hosts similar to the way particles are assigned to their
6DFOF subgroups. Additionally, particle-based merger trees
are created. For a given halo, its descendant is assigned as
the halo in the next time step which share the maximum
number of common particles. We consider only haloes re-
solved with more than 20 particles, resulting in a minimum
halo mass of M > 5.2 x 107h~!Mg. Although uncertain due
to the stochasticity of star formation processes at these low
masses, such dwarfs could host galaxies with a stellar mass
below 10* (Cautun et al. 2014; Reed et al. 2017) or could
have star formation entirely suppressed (Sales et al. 2017).

MNRAS 000, 000-000 (2018)

2.2 Identification of halo pairs and satellites

Loosely based on the mass and geometrical set up of the Lo-
cal Group, we identify halo pairs at z = 0 using the following
criteria:

(i) halo mass range: 101! < M/(h~1Mg) < 5 x 1012

(ii) halo separation: 0.3 < dsep/(h_lMpc) <15

(iii) Exclusion: There is no third halo more massive than
1/2 of the mass of the less massive host halo within a ra-
dius, centered on the binary’s midpoint, and equal to the
separation distance from the binary center.

We note that the values for the halo mass, halo pair
separation and exclusion mass are allowed to be within cho-
sen ranges, which are loosely motivated by the values seen
in the Local Group. They are deliberately chosen, where we
try to both maintain a physical justification (approximat-
ing, even loosely, the situation in the Local Group) and to
obtain a maximal sample size. At z = 0, our criteria returns
2 252 halo pairs with 625 033 satellites among them. The
geometry of satellites in such a halo pair is shown in Fig. 1.

For each halo pair, the smaller haloes and subhaloes
around them are identified as satellite haloes within 0.5dsep
from its nearest host halo. These include both subhaloes
located within their host’s virial radius and “field dwarfs”
located outside the virial radius; we collectively term all
of these “satellite haloes”. Satellite position may be charac-
terised by the angle, §, made between the satellites position
vector from the closest primary and the line connecting the
binary. The viewing angle is rotated such that 6 is maxi-
mum, and the satellite — host — partner triangle is viewed
“face on”. We treat all satellites equally regardless of mass.
In effect our analysis proceeds by considering the dynamics
of each satellite halo as it is accreted by its host halo pair.

2.3 Control (Overlapping) sample at z =0
constructed from two isolated haloes

Following similar reasoning as in Libeskind et al. (2016),
when the distribution of 6 is examined, any non-uniformity
must be separated from the possible effect of overlap.
Namely, two haloes with spherically isotropic satellite distri-
butions, when brought near to each other, would naturally
show an increased number density of satellites in regions
where their satellite distributions overlap, which happens
purely geometrically, without the influence from the force of
gravity. This follows works such as Prada et al. (2006) who
have shown that haloes of the mass range we are considering
are extended up to 2 ~ 3 virial radius.

In order to quantify the effect of overlap, halo pairs are
artificially constructed from isolated haloes and their satel-
lites. To do this, we must match each member of a pair to
an isolated halo. The two isolated haloes and their satellites
are then artificially brought together and placed at the same
separation distance as the real halo pair. In detail, for each
halo pair, we note the pair separation dsep. We then identify
two haloes in the same mass range (i.e. 10" =5x10'2h~1 M)
that are isolated and are the closest in mass to the members
of the real halo pair, respectively. Here, “isolated” means
that the nearest halo, which is either more massive than the
less massive member of the pair, or more massive than the
“isolated” halo itself, is at least 1.5 X dsep away. This ensures


https://bitbucket.org/gfcstanford/rockstar
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Figure 2. The lopsided signal is characterised by the probability
distribution of cos @ shown in top panel. In bottom panel, in order
to emphasise the lopsided signal we divide the distribution into
two regions: the “facing” (i.e. cos @ > 0, solid) and “facing away” re-
gion from the other primary halo (i.e. cos @ < 0, dashed), and plot
the two distributions of absolute value of cos 6 for direct compar-
ison. It is obvious that the solid line dominates for |cos@| > 0.8,
indicating there are more satellites close to the line connecting the
pair in the region in between the pair than 180 degrees away. The
thin vertical lines denote the medians of the distributions which
are although close, are statistically inconsistent with a symmet-
ric (non-lopsided) distribution. The lopsidedness metric ¢ and its
statistical significance o are defined at the end of section 3.1. In
short, g is the ratio between the number of satellites in the re-
gion with cos > 0.8 and the number of those in cos < 0.8. Its o is
computed from the variance in this quantity from random trials.

that when we bring the two haloes together and place them
at distance dsep apart, there is no third halo bigger than ei-
ther member of the real halo pair and no third halo bigger
than either member of the artificial halo pair. Once two iso-
lated haloes are matched to a real pair, their satellites are
chosen in the same way as in the main sample, namely all
haloes within dsep/2 of each halo’s center are identified. The
isolated haloes (and their satellites) are then placed at a dis-
tance of dsep from each other, therefore creating an artificial
pair composed of two isolated haloes.

3 RESULTS
3.1 Lopsided z =0 signal

We begin by re-examining the findings by Pawlowski et al.
(2017), who confirm the observational result of Libeskind
et al. (2016) with similar numerical simulations to those used

here. In Fig. 2 we show the normalized probability distribu-
tion of cos @ for all satellites of all host pairs in our sample.
The peaks of the distribution at |cosf| ~ 1 in Fig. 2 top
panel indicates that the satellites have a strong tendency to
be aligned with the line connecting the halo pair in both
regions.

A direct comparison between the two regions “facing”
the other primary halo and “facing away” from the other pri-
mary halo show lopsidedness exists for this signal. An excess
probability is seen for | cos 8| 2 0.8 for the cosd > 0 interval
with respect to cosf < 0. Furthermore the asymmetry can
be quantified by the median of the absolute value:

(|cos@]) =0.529 forcosd >0
(|cos8|) =0.523 forcosd <0

Although this does not seem like a large difference, given our
sample size it is strongly statistically significant, as described
below.

To consider the statistical significance of the median
values stated above, we compare to 10,000 samples of the
same size. Namely, we generate 625 033 random, uniformly
distributed numbers in the interval [0,1] (representing a uni-
form |cos@| distribution). The median of these 625 033 is
then computed. This is then repeated 10,000 times. In this
way we compute the distribution (standard deviation) of the
median value of 625 033 random numbers drawn from [0,1] as
om = 0.001. Therefore both the facing (cos 6 > 0) and facing
away (cos@ < 0) samples are inconsistent with a spherical
uniform distribution at roughly ~ 100y, level.

We now use this value of o, to determine how much
more asymmetric the “facing” signal is than the “facing
away” signal, determining that the facing sample is more
aligned than the facing away sample at roughly the ~ 2.107y
level. This is, in effect, one aspect of the lopsided signal
found by Libeskind et al. (2016): satellites facing the op-
posite halo are more aligned with the line connecting the
pair than satellites facing away from the opposite halo. The
fact that the satellites in the “facing region” are just 2.1opy
(and not more as found by Libeskind et al. 2016), than their
counterparts in the “facing away” region, is surprising and
demonstrates that both regions include flattened satellite
distributions, aligned with the geometry of the pair.

We can also define a lopsidedness metric ¢ that is used
in the rest of the paper to quantify the lopsidedness. For a
distribution of cos 8 of size N, the number of satellite haloes
in the most aligned subsample, namely with 0.8 < cos6 < 1.0
is termed N;. The number of satellite haloes in the most
counter-aligned subsample, namely —1.0 < cosf < —0.8 is
termed N_. We then define ¢ = Ny /N_: when g > 1 we have a
bulging satellite distribution facing the other pair member.
When ¢ < 1 we have a bulging distribution facing away
from the other pair member. In order to asses the statistical
significance of a given value of ¢, we compute the expected
fluctuations in ¢ by generating 10 000 random data sets of
the same size, drawn from uniform distribution between —1
and 1, and getting the expected value of ¢ from these random
sets: o = std(g).

3.2 Quantifying the lopsided signal at z = 0.

In this section we wish both to study what features of the
halo pair might correlate with the lopsided signal and we

MNRAS 000, 000-000 (2018)
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Figure 3. We quantify the lopsided signal by showing it as both
a probability distribution of cos@ (x axis and top histograms)
as well as a function of satellite radial position (bottom 2D his-
togram). Satellite distance to the host is normalized by the pair
separation, dgsep (y axis). We show: (a) the signal and (b) control
sample of artificial pairs constructed from isolated haloes.
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Figure 4. Probability distribution of cos 6 plotted for 4 subsam-
ples of satellites sorted by their distance to hosts. Although the
satellite distributions at all distances are anisotropic and flat-
tened, it is only at the greatest distances that they are lopsided.

wish to compare it with the control sample of artificial pairs
constructed from isolated haloes (see subsection 2.3). In
Fig. 3 the cosine angle and radial distribution of satellites are
shown in normalized 2D histograms for the sample of pairs
(Fig. 3a) and the control sample of artificial pairs (Fig. 3b).
Note that the upper panels in this plot show histograms of
the probability distribution of the angle (i.e. irrespective of
distance of satellite).

Fig. 3a shows that satellites are more likely to be sit-
uated along or near the line connecting the binary (namely
cos® ~ x1). Furthermore the lopsided signal is driven by
those satellite haloes that are far from their host, near the
binary center (dsat = 0.5dscp, more on this effect in sec-
tion 3.2.1). Note that the particle resolution inhibits and ar-
tificially suppresses the ability for subhaloes to be identified
in the densest central regions of a halo (here clearly seen by

MNRAS 000, 000-000 (2018)

i

the regions dsat < 0.1dsep). Regardless, Fig. 3a clearly shows
that the lopsided signal is driven by the fact that the satellite
haloes that are near the binary center also tend to extend
along or near the line connecting the two binary members.

Fig. 3b shows the cosine angle and radial distributions
of the satellites for the control sample of artificially gener-
ated pairs, meant to qualify the effect of overlap. The over-
lapping effect clearly results in a gradual and slight over-
density towards the binary center at cos6 ~ 1 by construc-
tion. However, the distribution of satellites of the artificially
constructed halo pairs is significantly different from the that
of the real sample. (A KS test reveals that the two distribu-
tions are highly unlikely to be drawn from the same parent
sample.) While the real sample is characterised both by a
flattening of the satellite distribution aligned with the part-
ner halo as well as by a lopsidedness bulging towards partner,
the control sample lacks the flattening but does exhibit lop-
sidedness due to the overlap effect that we wish to capture. Is
this overlap enough to explain the lopsided signal? To some
extent it does appear to be of the correct magnitude and
the z = 0 effect could be at least partially ascribed to over-
lapping satellite distributions. However, such an explanation
would suggest that the lopsided signal should decrease with
increasing pair separation (i.e. with increasing z), which, as
we will show later in Section 4, is not the case.

8.2.1 Distance of satellite from host

In this section we examine how the lopsided signal changes
as function of the satellite’s distance to the host. We start
by examining Fig. 3, where in the top panels we plot the
lopsided signal averaged over all distances and in the bottom
panels we show a “heat map” for the cosine of alignment
angle @ as a function of satellite distance from host. Namely,
each satellite provides a cos# and a dsat/dsep value, and we
bin the satellites in both values.

Fig. 3a indicates that for the satellites which are
more distant from their hosts, their distribution is more
anisotropic. This is more explicitly shown in Figure 4, where
we examine the distribution of satellites in concentric shells
of increasing distance from their host.

Fig. 4 shows that the shape of the satellite distribution
tends to be oblate yet symmetric (i.e. not lopsided) for the
regions closest to the host, and only when the more distant
satellites are considered: those at dsat > 0.3 dsep, does the
distribution start to become more lopsided. Such a finding
suggests that it is the opposite binary partner which may
be responsible for destroying the aspherical but symmetric
satellite distributions, making them more oblate and lop-
sided.

8.2.2 Host mass and mass ratio

Here we examine how the mass ratio (defined as M,/M;
where My < Mp) of the pair affects the lopsided satellite
distribution. In Fig. 5 we show the distribution of satellite
position angle around the less and more massive haloes inde-
pendently. Fig. 5 reveals that the more massive hosts show
a weaker lopsided signal than the less massive partners.
We now examine the effect of the mass ratio on the
probability distribution of cos @ for the less massive partner.
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Figure 5. We divide the lopsided signal into two subsamples, ac-
cording to whether the satellite belongs to the less massive mem-
ber of the pair (panel (a), left) or the more massive one (panel
(b), right). All satellites are defined as located within dgsep/2 from
their host.

The reader will recall from section 2.2 that the haloes in
our sample may have masses anywhere in the range 10! ~
5%102h~ 1My, i.e. may have a mass ratio from 0.02 to unity.
In Figure 6 our sample is divided according to the mass ratio
of the pair, and the distribution of cos 6 for the satellites of
the less massive partner (only) is shown. Figure 6 shows
that the lopsided satellite signal is strongest for the smallest
mass ratios (for example when the more massive halo is 4 or
5 times larger than its smaller partner).

We conclude this section by stating that the lopsided
signal is greatest in the less massive halo pair, and for the
most extreme pair halo mass ratios. However, as in the pre-
vious section, we again ask the question if the signal could
be due to overlapping effects, especially suspect are the halo
pairs with large mass ratios, since the more massive halo
could influence its environment out to a few virial radii. Thus
we construct artificial pairs that match the mass ratio bins
shown in Fig. 6 and examine the strength of the lopsided
effect due to overlap. In all cases the effect is indistinguish-
able from the distributions shown in Fig. 3b (not shown).
Given that the distribution in the most extreme mass ratio
is highly lopsided (¢ = 1.37), it is impossible that such an
overlap effect can cause the lopsidedness shown in Fig. 6.

4 THE ORIGIN OF THE LOPSIDED SIGNAL

In section 3.1 and 3.2 we established the existence of the
lopsided satellite distribution in pairs of haloes in a cosmo-
logical simulation at z = 0. We now attempt to uncover the
origin of these distributions by following each satellite’s or-
bital trajectory back in time. To do so, we use the ROCKSTAR
Mergetree software described in section 2.1.

4.1 The role of infall

In order to examine the origin of the z = 0 lopsided signal we
wish to trace back in time the most massive progenitor of

A

all pairs and their satellites. However, not all satellites can
be traced back through previous snapshots, since some of
the smaller satellites will disappear as their mass fall below
the halo finder’s resolution. In order to keep the sample size
at each redshift the same, we are thus forced to cull from
our sample those satellites which during the back-tracking
procedure fall below the resolution limit and disappear from
the merger tree. We arbitrarily set the redshift to which we
wish to track orbits to z = 2.5 which maximises the sample
size and the redshift. Using z = 2.5, we are forced to cull
~ 35% of the subhaloes that are found at z = 0 as these fall
below the resolution limit at some point between z = 0 and
2.5.

In Fig. 7 we present five probability distribution of
this sample as it is traced back through cosmic time, at
z2=0,0.5,1,1.5,2 and 2.5. The reader will first note that this
culled sample still shows a lopsided signal at z = 0. It is
immediately apparent that the lopsided signal was signifi-
cantly stronger in the past and that there is a considerable
weakening as the system evolves towards z = 0. Namely,
satellites of z = 0 pairs, are more likely to be accreted from
(and therefore to have formed in) the regions between the
two hosts. Satellites are less likely to be accreted from (or to
have formed in) the regions diametrically on the other side,
opposite the host’s partner. The weakening of the lopsided
signal as cosmic time advances may be quantified by exam-
ining the lopsided metric ¢ as function z, shown in Fig. 8; a
monotonically decreasing trend is seen.

In Fig. 9 we examine cos 0y, the angle formed between a
satellite’s position vector (with respect to the most massive
progenitor of its z = 0 host), and its (relative) velocity vec-
tor. Namely at each redshift under consideration, we exam-
ine how radial the satellite’s velocity vector is with respect
to its host. Note that a satellite with cos 6y = —1 is moving
radially towards its host with 0 angular momentum; a satel-
lite with cos 6y = 1 is moving radially away from its host,
also with zero angular momentum, while a satellite with
cos 6y = 0 is moving perpendicularly or tangentially to its
position vector. A coherent picture emerges: at higher red-
shifts, the distributions of cos 6y is highly skewed, indicating
a strong tendency for radial accretion. At low z, as satellites
approach their host, the velocity vector no longer has such
a strong tendency to be aligned with the position vector.
This is likely due to a combination of the gravitational pull
of the host’s partner (as the pair separation shrinks) as well
as other “tidal” or nonlinear virial effects due to the increase
in number density of other satellite galaxies.

In Fig. 10 we show how a satellite’s velocity alignment
angle (cos 6y, see Fig. 1) depends on its distance (measured
in units of the pair separation at z = 0, i.e. dgepo) for four
different redshifts, z = 0,0.5, 1.5 and 2.5. Fig. 10 shows that
when satellites are very distant, most come in on “radial-like”
orbits i.e. with cosfyy = —1. As z goes to 0, cos 0y begins to
fill the interval [-1,1], which might be an indication that
many of the satellites gain angular momentum. At z = 0.5,
where the region of satellite moving away from their host
(namely with cos 0ry > 0) begins to be filled, we see that it is
almost entirely populated by satellites located at distances
of < 0.5dgepo. Perhaps most pertinent to our study, we find
that by z = 0 up to ~40% of the satellites are actually moving
away from their hosts (i.e. cos 6y > 0), after they probably
have flown by their hosts at some point in the past.
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Figure 6. The lopsided signal is shown here for satellites of the less massive host partner, split according to host mass ratio (defined as
M> /M| where M, < Mj). The lopsided signal is strongest for the most extreme mass ratios. Systems of mass ratios larger than 0.4 are
not shown here as they do not show substantial differences from those in the lower mass ratio range (between 0.2 and 0.4).
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Figure 7. The evolution of the cosine of the angle 8 as described
in Fig. 1. The lopsided signal distribution is stronger in the past
than it is today.

Figure 8. The evolution of the lopsided signals is described by
the lopsided metric g, shown here as a function of z for all pairs
considered in Fig. 7.

Since Fig. 10 indicates that when, for the most part,
the lopsided signal is strong, the angular momentum might
be low and satellites are travelling on infalling orbits (and
vice versa), we hypothesize that an encounter between the
accreted satellite and its host may be responsible for both
weakening the lopsided effect and generating orbital angular
momentum of the satellite. This is a well established aspect
of the virialization process which accompanies halo relax-
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Figure 9. Evolution of cosine velocity incident angle distribution
of satellite haloes.

ation, namely the stabilization of angular momentum from
infalling material (Stewart et al. 2013).

4.2 Flybys and their impact on the lopsided signal

In order to test the hypothesis that accreted satellites that
undergo “flyby” event weaken the lopsided effect of satellite
distribution, we split the satellite sample up into those satel-
lites that have “flown by” their host and those that haven’t.
This is done by following back in time the trajectory of each
satellite, and by examining the distance between the satellite
and its host. If this distance experiences a local minimum
(that is not at z = 0) then the satellite has flown by its host.

In Fig. 11 we present the z = 0 probability distribu-
tion of cos @ for those satellites labelled as flybys (a) and for
those that have not experienced an encounter (b). For com-
pleteness we show the same plot for the full z = 0 sample?.
Fig. 11 strikingly demonstrates the difference in these two
samples. Those satellites that have incurred a flyby at one
point in the past, are both more centrally concentrated and
therefore (see Fig. 4) more uniformly distributed, and less

2 The reader will note that this is identical to the black curve in
Fig. 7. It is not the same as the probability distribution shown
in Fig. 2 or 3a since it includes only those satellites that can be
traced back in time to z = 2.5.
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Figure 10. Normalized 2D histogram for the distribution of the radial infalling angle 6, as a function of satellite distance from host
(in units of depo, the z = 0 pair separation) at various redshift. Colours are used to visualise which regions of these planes are more
populated by data points. Note that the sample can not extend beyond 0.5dsep0 at z = 0, by construction. For higher redshift the red line

is used to mark the region that is searched at redshift 0.
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Figure 11. Flyby signal (a) weakens the total lopsidedness of the
signal (c) at z = 0.

lopsided. Those satellites that have not experienced a close
flyby are both more aligned with cos6 ~ =1 and more lop-
sided. The lopsided signal appears to strongly be driven by
satellites that are infalling and who have not been gravita-
tionally slung about their host.

Note that the flybys have not fully erased the lopsided
signal, they have merely reduced the total lopsided signal
to a very weak degree (¢ = 1.051), so weak in fact, that it
is consistent with the effect of overlapping haloes. Never-
theless, as we have seen so far, the overlapping effect alone
cannot explain the lopsidedness in the signal given that it
weakens with decreasing redshift.

5 DISCUSSION AND CONCLUSIONS

The conclusion we draw regarding the origin of the lopsided
signal is the following. The satellites that cause the signal
tend to be formed in between the pair, in the filament con-
necting the pair. These satellites are then attracted to each
member of the pair due to gravity. Although those satel-
lites that are accreted and “swung” to the other side of the
attracting pair member may end up preferentially closer to
the line connecting the binary, they are outnumbered by
the satellites still being accreted from the region between
the pair. The filamentary formation and accretion scenario
may be related to the 3-point correlation function (Peebles
1980) which has been measured in the SDSS by McBride
et al. (2011) but which shows only a very weak signal below
~6h~! Mpe, (see also Ma & Fry 2000; Jing & Bérner 2004),
due mostly to non-linear effects (such as flybys).

We examined how simply overlapping two satellite dis-
tributions would add to the observed signal. By construct-
ing artificial pairs we found that indeed at z=0 overlapping
satellite distributions have lopsidedness that is on the same
order of magnitude as that of the observed haloes. We con-
clude that, the effects described above, namely that the sig-
nal is weakened by satellites that have had a pericentric pas-
sage and that the lopsidedness is stronger at higher z, rule
out overlapping satellite distributions as being primarily re-
sponsible. In summary: the lopsided signal originates at high
redshift and is weakened as the halo pair distance shrinks
and satellites are accreted and have pericentric passages.
Such dynamical effects weaken the signal to the degree that
at z=0 it is consistent with artificially created overlapping
satellite distributions but not due to it.

As mentioned in Sec. 1, Libeskind et al. (2016) exam-
ined how satellites were spatially distributed in spectroscop-
ically identified SDSS pairs. Pawlowski et al. (2017) went
on to examine whether such satellite distributions could be
found in ACDM cosmological simulations, coming to the
conclusion that indeed such a lopsided distribution was con-
sistent with what the cosmological paradigm predicted. In
order to follow up on the question of “why do satellites tend
to be in the in-between regions of galaxy pairs?”, in this
work we examined how pairs of galaxies identified in cosmo-
logical simulations at z = 0 accrete satellites. By employing
a large, well resolved, cosmological simulation we are able
to numerically follow the formation of such pairs and their
satellites. We trace back each host progenitor and each satel-
lite to z = 2.5. At each snapshot we construct the triangle
composed of the (progenitors of the) two members of the
binary and the (progenitor of the) satellite and examine the
evolution of the angle satellite — host — host partner. We
find that the signal is strongly driven by satellites that are
on their first approach to the binary pair (by “first approach”
we mean satellite that have never been closer to their host).
Satellites that were at some point in the past closer to their
hosts (a category we call “flyby” satellites) exhibit a much
weaker lopsided distribution. Lopsided distributions of satel-
lite galaxies among pairs of galaxies are thus characterised
by dynamically young accretion events that have either re-
cently come to the pair, or are still in the process of being
accreted. This is similar to the picture described by Wetzel
(2011) where accretion is more radial at higher z. We have
also found that the lopsided distribution is more often found
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in the lower mass member of the pair, where lower mass im-
plies lower degree of virialization and hence a stronger lop-
sided signal, especially when its partner is much larger. A
higher mass member of the pair has in general more satel-
lites which are accreted, and hence corresponds to a denser
environment.

The pairs examined in this paper (or indeed in other
works that focus on the lopsided signal) are not identical to
the Local Group or the Centaurus group, although such a
lopsided distribution is also seen in the distribution of satel-
lites along Andromeda where 19-23 out of 27 satellites are
on the near side of M31 (Ibata et al. 2013) and (albeit to
a lesser extent) around the Milky Way where the census is
poorer due to obscuration from the galactic disk and in-
homogeneous coverage from sky surveys such as the SDSS
(McConnachie 2012), as well as in the Centaurus A - M83
pair (Miiller et al. 2015). That being said, the selection cri-
teria employed here is loosely motivated such that the Local
Group would also be identified according to the definitions
we use. Our criteria are purposefully kept more relaxed such
that we may get a more general picture of these systems.

Our work confirms one of the assertions of Pawlowski
et al. (2017) that lopsided distributions are not in conflict
with ACDM models of structure formation, at least when
comparing surveys like the SDSS to the virialized haloes
that form in dark matter only N-body simulations. However,
our discovery that the origin of these systems is primarily
newly accreted satellites is somewhat surprising, since its
well known that satellites may orbit their hosts for many
gigayears before being accreted (for example: Tormen et al.
1998; Yang et al. 2009; Bahé et al. 2019, among others).

We leave the reader with the following notion regard-
ing satellites of “Local Group like” pairs: if the existence of
lopsided distributions in surveys and simulations is driven
by satellites on first approach, we infer that, either these
are a different population and unlike satellites found within
the virial radius of Milky Way like haloes that may survive
for many giga years, or the lopsided signal in Local Group is
also driven by such mostly accreted satellites. Indeed, recent
work by Hammer et al. (2018) suggests that this may be the
case and that the satellites of the Milky Way may indeed be
on their first approach.
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