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A B S T R A C T 

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. Ho we ver, 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. 

Key words: methods: numerical – galaxies: formation – large-scale structure of Universe. 
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 I N T RO D U C T I O N  

he matter distribution across the Universe is homogeneous and 
sotropic on large scales, which is in agreement with the predictions 
f the Lambda cold dark matter ( � CDM) cosmological model. 
o we ver, the anisotropy and inhomogeneity of the matter distribution 

ncreases in localized regions. On scales of a few to hundreds of
egaparsecs, the distribution of matter is characterized by a web- 

ike structure known as the cosmic web, which is made up of knots,
laments, sheets, and voids (Zel’dovich 1970 ; Bond et al. 1991 ).
ithin galaxy groups, the phase-space distribution of dwarf satellite 

alaxies around their central galaxies is anisotropic (Zaritsky et al. 
997 ; Brainerd 2005 ; Zentner et al. 2005 ). 
In recent decades, numerous studies have been conducted on the 

hase-space distribution of satellites (Knebe et al. 2004 ; Wang et al.
005 ; Knebe et al. 2008 ; Libeskind et al. 2011 ; P a wlowski 2021b ).
fter a long period of debate (Sastry 1968 ; Holmberg 1969 ), it is now
idely accepted that satellites are preferentially located around the 
ain axis of their central galaxies (Brainerd 2005 ; Libeskind et al.

005 ; Agustsson & Brainerd 2010 ; Li et al. 2013 ; Welker et al. 2018 ;
 ang et al. 2019 ; T ang, Lin & W ang 2020 ). This alignment signal
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epends on the colour of the galaxy. The red satellites around the red
entrals show the most significant alignment, while the blue satellites 
round the blue centrals are more randomly distributed (Yang et al.
006 ; Azzaro et al. 2007 ; Kang et al. 2007 ). Ho we ver, another
ssue of satellite phase-space distribution, the so-called satellite plane 
roblem, is still not well understood and contro v ersially discussed
Shaya & Tully 2013 ; Gillet et al. 2015 ; Maji et al. 2017 ; P a wlowski
018 , 2021a ; Pham, Kravtsov & Manwadkar 2023 ; Sawala et al.
023 ). In the Local Universe, the brightest satellites of the Milky
ay (MW; Kroupa, Theis & Boily 2005 ; Metz, Kroupa & Libeskind

008 ; P a wlowski & Kroupa 2013 ) and Andromeda (Conn et al. 2013 ;
bata et al. 2013 ; Wan et al. 2020 ) are found to be located in a thin
orotating plane, whereas such a satellite plane is rare (Ibata et al.
014 ) in cosmological simulations. Recently, a similar satellite plane 
as also disco v ered around the central galaxy Centaurus A (Tully

t al. 2015 ; M ̈uller et al. 2018 ). 
In the Local Group, the MW and M31 are considered as a galaxy

air, and there are 25 satellites located in the area between them.
y using galaxy pairs taken from Sloan Digital Sk y Surv e y Data
elease 10 (York et al. 2000 ; Ahn et al. 2014 ), Libeskind et al. ( 2016 )
isco v ered that 8 per cent more satellites than would be expected from
 uniform distribution are situated in the region between two hosts
f a galaxy pair similar to the MW–M31 pair, which is known as
he problem of the ‘lopsided satellite distribution’ (LSD). Following 
is is an Open Access article distributed under the terms of the Creative 
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Figure 1. A schematic diagram illustrating the calculation of the lopsided 
angle θ lop (left) and lopsided fraction f lop (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, θij is the 
angle between satellite pairs i and j . In the right-hand panel, N sat is the total 
number of satellites in a given system, and N max is the satellite number with 
the semicircle that contains the most satellite galaxies. 
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hese observations, P a wlowski, Ibata & Bullock ( 2017 ) identified a
omparable signal of LSD in a galaxy pair in a � CDM cosmological
 -body simulation. 
Examining isolated systems such as the MW and M31, it has been

bserved that 7 of the 11 brightest MW satellites and 21 of the 27 M31
atellites are located in the same hemisphere. Studies of other MW-
ike galaxies in the Local Volume, such as M101, have revealed that
 of the 8 brightest satellites are located in one hemisphere (Merritt,
an Dokkum & Abraham 2014 ; Bennet et al. 2019 , 2020 ). Brainerd &
amuels ( 2020 ) investigated the satellite distribution around isolated
alaxies in the NASA–Sloan Atlas catalogue and found that the
robability distribution for the polar angles of the satellites differs
ignificantly from a random distribution. Wang et al. ( 2021 ) further
ound that the lopsided signal depends on the mass, colour, and large-
cale environment, with satellites that reside in the large radius of
ow-mass blue hosts exhibiting the most lopsided signal. Samuels
 Brainerd ( 2023 ) also studied the LSD by selecting isolated host

alaxies and their satellites from mock redshift surv e ys of an N -
ody simulation and obtained results similar to those of Brainerd &
amuels ( 2020 ). 
Observations and simulations have both demonstrated that the

opsided distribution of satellites is not e xclusiv e to galaxy pairs, but
lso applies to isolated galaxies. The magnitude of the lopsidedness
epends on both the mass and the colour. The physical source of
SD has been explored, with Bo wden, Ev ans & Belokurov ( 2014 )
uggesting that the lopsidedness of M31 is more likely due to a dwarf
ssociation falling into its halo than the tidal field of the MW. Gong
t al. ( 2019 ) found that the lopsided signal is generated from the
rst satellite approach and weakens o v er time due to interactions
etween satellite and central pairs. Ho we ver, the origin of LSD
n isolated systems remains a mystery. It is worth investigating
hether the origins of LSD in isolated systems are similar to or

ompletely different from those in galaxy pair systems, given the
nique environment of isolated systems. 
To understand the source of LSD in isolated systems, we inves-

igate the history of these systems and study the development of
he LSD signal in the state-of-the-art MilleniumTNG hydrodynamic
imulation (see Section 2 and the references therein for more
etails). The MilleniumTNG simulation is based on the IllustrisTNG
Weinberger et al. 2017 ; Marinacci et al. 2018 ; Naiman et al. 2018 ;
elson et al. 2018 ; Springel et al. 2018 ; Pillepich et al. 2018a ,
 ) physics model but features a much larger volume at still high
esolution, making it possible to obtain a substantial galaxy group
ample to statistically explore the origin of LSD. 

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

 DATA  A N D  M E T H O D O L O G Y  

e used the galaxy catalogue from the MTNG740 simulation of
he MillenniumTNG Project (hereafter MTNG; Hern ́andez-Aguayo
t al. 2023 ; Pakmor et al. 2023 ). This simulation was carried out in
 box size of (500 cMpc / h) 3 or (738 . 1 cMpc) 3 with cosmological
arameters taken from Planck (Planck Collaboration XIII 2016 ), i.e.
m 

= 0.3089, �� 

= 0.6911, �b = 0.0486, and h = 0.6774. It
ontains 4320 3 dark matter particles and 4320 3 initial gas cells, with
ass resolutions of 1 . 7 × 10 8 M � and 3 . 1 × 10 7 M �, respectively.
etailed information on the MTNG project refers to papers of
NRAS 529, 1405–1413 (2024) 
ern ́andez-Aguayo et al. ( 2023 ) and Pakmor et al. ( 2023 ). More
ntroductory papers of MTNG includes past lightcones (Barrera
t al. 2023 ), large-scale clustering (Bose et al. 2023 ), cosmological
arameters analysis (Contreras et al. 2023 ), intrinsic alignments of
alaxies and haloes (Delgado et al. 2023 ), weak lensing (Ferlito et al.
023 ), halo occupation models (Hadzhiyska et al. 2023a ), satellite
opulation model (Hadzhiyska et al. 2023b ), and galaxy population
t high redshift (Kannan et al. 2023 ). 

Dark matter haloes are identified by the Friend-of-Friend (FoF)
lgorithm and substructures are identified by the SUBFIND-HBT
lgorithm (Springel et al. 2021 ). The GADGET -4 code (Springel et al.
021 ) was used to construct the halo merger trees. The merger trees
re self-contained, meaning that all subhaloes are in the same tree
s their progenitors and descendants, allowing us to easily trace the
istory of galaxy groups. 
In this study, we selected central galaxies with halo viral mass
 200 greater than 10 11 M � h 

−1 and at least two satellites with a
otal mass in their subhaloes greater than 10 10 M � h 

−1 . We use the
solation criteria of Wang et al. ( 2021 ) to identify our target groups
s isolated groups, which are groups whose distance from the nearest
assive group (i.e. M 200 > 10 11 M � h 

−1 ) is greater than 2 cMpc h 

−1 .
e note that two primary parameters determine the sample selection

rocess: the mass of satellites and the distance used to define isolated
ystems. Wang et al. ( 2021 ) has studied a variety of combinations
f these two parameters and found a weak dependence on them. For
urther information, we refer the reader to fig. 4 in Wang et al. ( 2021 ).
n the end, 35 579 groups and 110 346 satellites were selected for the
ollowing analysis. 

To quantify the lopsidedness of a given isolated system, we define
he lopsided angle, θ lop , and the lopsided fraction f lop , as in Fig. 1 . To
alculate θlop , we project all the satellite galaxies on to the xy plane
nd place the central galaxy at the origin. As mentioned in Wang
t al. ( 2021 ), the viewing angle (that is, the choice of projection
lane) does have an effect on the lopsided angle for a given system,
ut there is a strong linear correlation between the calculated lopsided
ignal projected in the 2D and 3D space. Thus, an arbitrarily chosen
rojection of the xy -plane is suitable and does not affect the statistical
esults. We calculate the lopsided angle as the average of angles
etween central-satellite galaxy pairs θ ij , i.e. 

lop = 

〈
θij 

〉
, (1) 



Lopsided satellite distribution in MTNG 1407 

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 θlop as a function of the 
number of satellites per galaxy group. Shaded regions with different colours show random distributions from 1 σ to 3 σ , as labelled in the legend. The black dots 
show the galaxy systems in MTNG. 
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here the subscript ij refers to satellite galaxies i and j . The expected
lop for a random distribution is close to 90 ◦. Ho we ver, in a lopsided
ystem, satellite galaxies are usually situated on one side of the 
entral, so the expected θ lop would be less than 90 ◦. For example,
he lopsided angle is θ lop = 77.56 ◦ for the MW. It is important to
emember that the lopsidedness of two systems cannot be compared 
imply by looking at their θ lop . For galaxy groups with only two
atellites, the θ lop for random distributions can vary greatly. On the 
ther hand, the dispersion for galaxy groups with a large number 
f satellites is very small. Thus, the same θ lop can signify different 
evels of lopsidedness depending on the number of satellites. 

The second quantity is the lopsided fraction, f lop . To calculate f lop ,
t is necessary to draw a line through the centre of the galaxy to divide
he projected plane into two sections, with one of them containing 
he maximum number of satellites. For a group with N sat satellite 
alaxies, we can fit a straight line passing the centrals with the
ost satellites ( N max ) on one side in the xy -plane. Then the lopsided

raction is defined as 

 lop = 

N max 

N sat 
. (2) 

n the local Universe, for example, the lopsided fraction is f lop =
.82 for MW, which shows an obvious lopsided signal of its satellite
istribution. 
The correlation between lopsided angles and lopsided fractions 

s demonstrated in Fig. 2 . This correlation is particularly evident in
 large number of satellite galaxies. When the number of satellites
s high, a larger f lop implies a more pronounced lopsided signal. 
o we ver, this is not the case for fewer satellites, as all N sat = 2 groups
ave a f lop of 1. Further details can be found in the appendix of Wang
t al. ( 2021 ). 

The significance of a given system depends on the number of
atellites, N sat . To determine whether a lopsided signal is inconsistent 
ith a random distribution, we calculate the significance of θ lop . To 
o this, for a system with a given N sat , we keep the distance between
ach satellite galaxy and the central galaxy fixed but randomize 
heir angular distributions in the projected plane. We then repeat this
andomization 10 000 times and save the corresponding θ lop,Ran each 
ime. We can then estimate the mean lopsided angle 〈 θ lop,Ran 〉 for the
andom process and the corresponding σ ( θ lop,Ran ) for each system 

ith the given N sat . The significance is then calculated as 

ignificance = 

∣∣θlop − 〈 θlop , Ran 〉 
∣∣

σ ( θlop , Ran ) 
. (3) 

The right-hand panel of Fig. 2 shows three different coloured 
hadows that signify 1 σ , 2 σ , and 3 σ of the lopsided angle of the
andom trials. Groups with different numbers of satellites show 

if ferent le vels of significance. A considerable number of systems ( ∼
 per cent of the total) are located beyond 3 σ , which demonstrates
 clear lopsided signal. The findings in Fig. 2 agree with those of
ang et al. ( 2021 ). 

 RESULTS  

.1 General evolution of the lopsided signal 

nspection of some selected examples can help to intuitively elucidate 
he origin of the lopsided signal and its evolutionary trajectory. In Fig.
 , we show the evolution of satellite distributions for three distinct
roups in three different snapshots, which we denote as snap n −
 , 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

s represented by a red star. The blue dots represent the satellites
hat were present in the previous snapshot, while the orange dots
epresent satellites that have recently been accreted from the large- 
cale environment. The lopsided angle θlop changes from snapshot 
 − X to snapshot n , showing the effect of satellite accretion from
he large-scale environment and from snapshot n to snapshot n + X ,
orresponding to the internal evolution of satellites within the halo. 

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

For Group 2 (middle panels), the satellite distribution was lopsided 
ith θlop ∼ 42 ◦ in the snapshot n − X . The host accreted only
MNRAS 529, 1405–1413 (2024) 
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M

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. 
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ix satellites (orange dots) in snapshot n from the large-scale
nvironment, but the internal evolution of the existing satellites (blue
ots) caused the lopsidedness to increase to ∼61 ◦. From snapshot
 to snapshot n + X , satellites became almost randomly distributed
 θlop ∼ 92 ◦), mainly due to the effects of internal evolution. 

In snapshot n − X , Group 3 (bottom panels) had a relatively
mall number of satellite galaxies, and their distribution was close
NRAS 529, 1405–1413 (2024) 
o random. By snapshot n, the host had accreted more satellites
rom the large-scale environment, although the original distribution
f the existing satellites was closer to the inner region and more
andomly distributed. Most newly accreted satellites cluster in the
ame direction in the outer region, thus increasing the lopsided signal.
t snapshot n + X , more satellites mo v ed to the centre, causing the

ngle of lopsidedness to slightly increase. 
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Figure 4. Relation between the lopsided angle θ lop 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. 
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We can deduce that the lopsidedness of the satellite distribution is
ainly caused by two factors. The first is the satellites that fall into the

ark matter halo from the external environment, which is especially 
mportant, since most of them are accreted from a single direction, 
hus intensifying the signal. The second is the internal evolution of
he satellites within the host dark matter halo, which causes them 

o mo v e closer to the centre and randomize their distribution, thus
eakening the signal. 
Investigating the evolution of LSD signals is a direct way to explore

heir origin. Wang et al. ( 2021 ) demonstrated an slightly increase
f the lopsided angle θ lop (a decrease in the lopsidedness, which 
an be seen in the orange line of Fig. 4 ) as the universe evolves
y studying isolated systems and calculating the lopsided angles at 
arious redshifts without tracing the systems back in time. In this
ork, we trace the main progenitors of all target systems at z = 0
ack to high redshifts until the satellite number is less than 2. At z =
, the sample is divided into two subsamples with a halo mass cut-off
f 10 12 M � h 

−1 . 
In Fig. 4 , we show the evolution of the lopsided angle θ lop of the
ain progenitors. The lopsided angle is given by the median value 

f all systems in each bin, and the bootstrap error is pro vided. F or
he entire sample, represented by the circles with the black line, 
e find that the lopsided angle θ lop increases from z = 4 to z =
, indicating that the strength of the lopsidedness decreases from 

igh to low redshifts. This evolutionary trend is in agreement with 
ang et al. ( 2021 ), although the value of θ lop at a given redshift is

lightly different. The difference can be explained as follows. The 
riteria used by Wang et al. ( 2021 ) to select isolated systems remain
nchanged regardless of redshift, leading to discrepancies between 
heir sample and ours. At higher redshifts, particularly for z > 3.5,
he sample size is drastically reduced (as seen in fig. 7f of Wang
t al. 2021 ) and the lopsided signal is driven mainly by massive
roups, thus weakening the lopsided signal (with larger θ lop ). The 
ed and blue lines represent the low- and high-mass subsamples, 
especti vely. The e volutionary trend of the lo w-mass and high-mass
ubsamples is comparable to that of the entire sample. Ho we ver,
he θ lop of the low-mass subsample is consistently lower (with more 
opsidedness) than that of the high-mass subsample. For the entire 
ample, there is a sudden decrease in θ lop from z = 0.5 to z = 0.
e note that this does not mean a physical increase in LSD. This is

aused by the high fraction contributed by the low-mass subsample. 
onsidering the mass limit of the satellites at z = 0 and the fact

hat each progenitor must contain at least two satellites, the fraction
f satellites by number decreases more rapidly than the high-mass 
roups. 

.2 Lopsided signal with radial distribution and infall time 

ollowing our previous conjecture that the LSD is dominated by 
xternal accretion from the large-scale environment and internal 
volution within the halo, the spatial distribution and infall time of
he satellites are therefore essential for understanding the evolution of
opsided signals. The satellite infall time, t infall , is defined as follows:
f at snapshot n the satellite was an independent FOF halo, while in the
ext snapshot n + 1 it was a part of a larger halo but still a subhalo
ithin the host, we use the corresponding epoch of snapshot n as

he infall time. The high time resolution of the outputs of MTNG
akes this definition feasible. We divide the entire sample into 

wo subsamples according to significance (as defined in equation 
 ). Systems with a significance less than 1 σ ( ∼ 40 per cent of the
otal) are labelled as not lopsided and systems with a significance
reater than 3 σ ( ∼ 5 per cent of the total) are labelled as lopsided
ubsample. Fig. 5 shows a direct comparison of the lopsided signal,
lop , between the subsamples considering the infall time (upper 
anel) and the radial distribution (lower panel) of the satellite 
alaxies. The corresponding lopsided angles and errors are listed in 
able 1 . 
In the upper panel, we investigate the effect of the satellite infall

ime on lopsidedness by selecting the 30 per cent earliest and
0 per cent latest accreted satellites as early-infall and late-infall 
atellites, respectively, from both lopsided and non-lopsided systems. 
e compare the median lopsided angles for different subsamples. 

wo types of errors are considered for each subsample. The first type
s the measurement error caused by the limited sample size, which
s also listed in Table 1 . This error is estimated using the bootstrap
ethod, similar to Fig. 4 . The second source of error arises from

he our selected projection direction. Therefore, we generate 1000 
andom sightlines and estimate the error from the different median 
lop measurements of the 1000 sightlines (the typical error is only 
bout 0.3 ◦). The two types of errors are combined in quadrature to
btain the final errors. The lopsided angle of the early-infall satellites
n lopsided systems is 41.58 ◦ (red star), while the late-infall satellites
ave a lopsided angle of 18.18 ◦ (blue star). For non-lopsided systems,
he lopsided angles of early and late infall satellites are 92.62 ◦ (red
riangle) and 85.22 ◦ (blue triangle), respectively. The median value 
eveals apparent differences between early and late infall satellites, 
specially in lopsided systems. 

In the lower panel of Fig. 5 , we divide the satellites into two
roups based on their distances to the central galaxies, inner and
uter satellites. We select satellites with the smallest 30 per cent
inner) and largest 30 per cent (outer) distances to their central
alaxies. We then calculate the lopsided angles of these two groups
or both lopsided and non-lopsided systems. For lopsided systems, 
he inner and outer satellites have θ lop = 42.45 ◦ (green star) and θ lop 

 16.21 ◦ (yellow star), respectiv ely. F or non-lopsided systems, the
orresponding values of θ lop are 93.41 ◦ (green triangle) for the inner 
MNRAS 529, 1405–1413 (2024) 
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Figure 5. A comparison is conducted between the lopsided angle, θlop , 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 3 σ and 
non-lopsided systems having a significance less than 1 σ . 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 
θlop 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 

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 � t 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. 
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egions and 76.30 ◦ (yellow triangle) for the outer regions. When
omparing the median values between inner satellite samples and
uter satellite samples, we find that the early and inner satellites have
arger lopsided angles (i.e. less lopsidedness) than the late and outer
ounterparts. The hierarchical galaxy formation model suggests that
arly-accreted satellites are mainly located in the inner part of the
ark matter halo, whereas late-accreted satellites are usually situated
n the outer regions. 
NRAS 529, 1405–1413 (2024) 
We show in the left-hand panel of Fig. 6 the radial number density
istributions that are rescaled by the number density ρ at R 200 of
atellite galaxies for lopsided (red line) and non-lopsided (blue line)
ystems, as well as the entire sample (black line) as a function of the
elative distance to the group centres ( r / R 200 ), where R 200 is the halo
irial radius. Most of the satellite galaxies are located within 2 R 200 .
he two subsamples show considerable differences. Within R 200 , the
atellite number density of the non-lopsided subsample is relatively
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Figure 7. The correlation between satellite survi v al time � t and the strength 
of their lopsided signal θlop . Satellite survi v al time � t is defined as � t = t infall 

− t z , where t infall is the infall time of a given satellite and t z 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. 
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igh, while for a radius larger than R 200 , the satellite number density
f the lopsided subsample is relatively high. 
In the middle panel, we show the distribution of the infall time t infall 

defined in Section 3.2 ) of the entire sample and the two subsamples.
he right-hand panel shows the time interval � t between the infall
f each satellite and the previous one. We found that for lopsided
ystems, nearly half of the satellites are accreted within the same 
ime ( � t = 0 but not in the same single snapshot) and 80 per cent
ithin 1 Gyr (solid red line in the middle panel). For non-lopsided

ystems, this fraction of � t = 0 is reduced to around 20 per cent
solid blue line in the middle panel). In the case of lopsided systems,
0 per cent of the satellites are successively accreted in a short period
f 1 Gyr (red solid line in the middle panel); ho we ver, non-lopsided
ystems need 2.5 Gyr (blue solid line in the right-hand panel) to
each that fraction. 

In summary, we found that for lopsided systems, the majority of
heir satellites were accreted recently o v er a relatively short time
rame and are located in the outer parts of halos. Conversely, for
on-lopsided systems, the majority of their satellites were obtained 
n the past o v er a relativ ely e xtended period and the y are situated in
he inner areas of halos. 

The two types of system appear to be discrepant, which results
n different strengths of the lopsided signal. This could imply that 
he lopsided signal originates from large scales when satellites are 
ccreted from the environment (Kang & Wang 2015 ; Libeskind et al.
015 ). They bring anisotropies from the large-scale structure, but 
t usually decreases when moving towards the centre of the halo 
ue to non-linear evolution within the haloes. One may wonder how 

ong this kind of memory lasts after a satellite has been accreted. To
nderstand this, we examine the relationship between the survi v al 
ime � t of satellite galaxies after accretion and the strength of their
opsided signal θlop at a given redshift z. Survival time is defined as
 t = t infall − t z , where t infall is the infall time of a given satellite and

 z is the time of a given redshift. Large � t indicates that the satellites
ere accreted early and evolved for a long time within the host halo.
Fig. 7 shows the relation between � t and θ lop . We can see a clear
rend that θ lop increases first with growing � t and then becomes
ndependent of � t . We find that at each z (except for z = 0 shown
n the solid red line), the lopsided angle is close to 90 ◦ for systems
ith �t > 0 . 3 Gyr , which implies that the lopsided signal brought

rom infalling satellites does not survive for a long time. This trend
uggests a gradual weakening of the lopsided signal introduced by in-
alling satellite subhalos, which eventually leads to its near disappear- 
nce after a certain period. The profiles of z = 1, 2, and 3 are similar,
hile the profile of z = 0 is obviously lower. This can be attributed

o the large number of low-mass systems that we mentioned in
ection 3.1 . The lopsided angle approaches 90 ◦ at �t > 1 . 0 Gyr and

ends to become a flat profile for larger � t , which is not shown here.

.3 Satellite accretion along large-scale structure 

n Section 3.2 , we show that the lopsided signal is mainly due to
atellites that have recently been accreted and to those that are located
n the outer regions of halos. It is also observed that for lopsided
ystems most satellites are accreted for a short period. Ho we ver, if the
atellites were not accreted from a particular direction, i.e. uniform 

ccretion, the expected satellite distribution would still be random. 
hao et al. ( 2018 ) proposed that satellites of MW-like galaxies were
btained in the group from the closest abundant filament. It has also
een suggested that the subhalos were accreted along the filament 
irection (Kang & Wang 2015 ; Libeskind et al. 2015 ; Shi, Wang &
o 2015 ; Tempel et al. 2015 ). Combining the fact that the lopsided

ignal comes from short-time satellite galaxy accretion events and 
hat satellites fell preferentially from the filaments, we can conclude 
hat the lopsided signal should be strongly correlated with the large-
cale structure. 

We can verify this by looking at the pattern of satellite accretion
n relation to the large-scale structure. To do this, we first use the
loud-in-Cell algorithm with 1024 3 cells to generate the matter 
ensity field ρ. We then solve the Poisson equation ( ∇ 

2 φ = 4 πG ρ)
o obtain the gravitational potential φ. The tidal tensor is derived
rom the Hessian matrix of φ as T ij = ∂ i ∂ j φ at the position of the
argeted system (Wang et al. 2020 ). The three eigenvalues (ordered
s λ1 > λ2 > λ3 ) of the tidal tensor indicate the strength of the
ravitational potential, and the three eigenvectors ( e 1 , e 2 , e 3 ) show
he direction of each eigenvalue. The sign of the eigenvalue can be
sed to determine whether the gravitational force of the eigenvector 
s inwards (positive) or outwards (ne gativ e). This allows us to
istinguish the environment of each halo through the number of 
ositiv e and ne gativ e eigenvalues. F or e xample, the eigenv ector e 3 
ssociated with the smallest eigenvalue points to the direction of 
he strongest expansion. Therefore, the eigenvector of a halo located 
n a filament (which has two positive eigenvalues and one ne gativ e
igenvalue) is aligned with the direction of the filament. 

We investigate the relationship between satellite lopsided distribu- 
ion and large-scale structure directions by calculating the cosine of 
ngles between the central-satellite direction e i and the eigenvector 
 3 of the smallest eigenvalue, denoted cos ( θe ) = e i · e 3 . A random
istribution would have an expectation value < cos ( θ e ) > = 0.5. If
os ( θ e ) is greater than 0.5, the satellites are more likely to be aligned
ith the large-scale direction, and if it is less than 0.5, the satellites

re more likely to be perpendicular to the large-scale direction. We
xamine cos ( θ e ) both at z = 0 and at the infall time z = z infall . For
 = z infall , an alignment trend indicates that satellites are more likely
o be accreted along the filament direction. 

In Fig. 8 , we show the cumulative distribution of the cosine of
he angle between the satellite-central vector and the direction of 
MNRAS 529, 1405–1413 (2024) 
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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. 
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he large-scale structure. It is clear that satellites at z = 0 (solid
lack line) or z = z infall (blue dashed dotted line) are more likely to
e orientated in the direction of the large-scale structure. Moreo v er,
here is a noticeable gap between the distributions for z = 0 and z =
 infall , indicating that the alignment at the time of accretion is stronger
han at z = 0. This implies that the satellites were accreted along
he direction of the large-scale structure, which contributes to the
eneration of lopsided signals. Subsequently, the internal evolution
ffect within the host dark matter halos causes the satellites to lose
heir correlation with the directions of the large-scale structure,
esulting in a weakening of the alignment. 

 SUMMARY  A N D  DISCUSSION  

bservations and simulations have both revealed an asymmetric
istribution of satellites around paired galaxies (Libeskind et al.
016 ; P a wlowski, Ibata & Bullock 2017 ) and isolated systems
Brainerd & Samuels 2020 ; Wang et al. 2021 ). While the origin
f this lopsided distribution has been explored in paired galaxies
ong et al. ( 2019 ), the physical origin of the same phenomenon in

solated systems is still unknown. This paper investigates the origin
f the LSD around isolated central galaxies, using the state-of-the-art
ydrodynamical � CDM simulation MillenniumTNG. Our findings
an be summarized as follows. 

(i) We have re-examined the lopsided signal of the isolated system
elected at z = 0. Our results agree with Wang et al. ( 2021 , see Fig.
 ). 
(ii) The lopsided signal decreases with cosmic time, and this trend

s mass-dependent. High-mass systems experience slower fading,
hereas the reduction is more rapid for low-mass systems (see Fig.
 ). 
(iii) The lopsided signal at z = 0 is dominated by satellites located

t the outer parts of haloes and is also dominated by recently accreted
atellites (see Fig. 5 ). 
NRAS 529, 1405–1413 (2024) 
(iv) The lopsided signal originates from the anisotropic accretion
f satellite galaxies from the large-scale structure (see Fig. 8 ), and
fter accretion, the non-linear evolution of satellites inside the dark
atter 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
ddition, we hav e e xplored the origin of this lopsidedness in isolated
ystems. We studied whether the LSD is caused by the external large-
cale structure or the internal evolution of dark matter haloes. By
racing systems back to the early univ erse, we e xamined the satellite
ccretion pattern with respect to the large-scale structure and satellite
nfall time, as well as the radial satellite distribution. We identified
he generation and evolution of lopsided signals from satellites. 

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

ark matter halo and the external origin of the satellites begin to
ompete. The relaxation of the dark matter halo causes the satellites
o become more isotropically distributed with time. The closer a
atellite galaxy is to the inner regions of a halo, the longer it has
xperienced the influence of relaxation, making it lose more of the
emory it had from the large-scale structure. 
Despite residing in the inner regions of the host halo, such satellites

evertheless still exhibit some weak lopsidedness. What other factors
ould be suppressing the relaxation of this signal, preventing it from
issipating completely? How long does it take for the lopsidedness
aused by the large scales to be completely relaxed? The source of
he lopsidedness from the large-scale structure at early epochs has
et to be explored. This is why satellites are accreted into dark matter
aloes in groups and aligned with the large-scale structure. Further
esearch is required to construct a full model of the generation of
nisotropy of the satellite distribution at high redshifts. 

In addition, the lopsided distribution of satellites that we have
nvestigated in this work, as well as in previous studies, is based on the
efinitions of central and satellite galaxies provided by the FOF and
UBFIND-HBT algorithms. Ho we ver, bridge-like configurations
ometimes caused by the FOF algorithm may affect the lopsided
ignal by biasing the definition of the centre of the system. For
xample, in the case of two merging systems with a very similar
ass of the central galaxies, the algorithm may identify them as
 single system. In such a double-centred system, the algorithm
ill designate only one galaxy as central, and the others as satellite
alaxies, potentially creating a spurious lopsided signal. This issue
ill be explored further in our future work. 

C K N OW L E D G E M E N T S  

e thank the anonymous re vie wer for the helpful comments that
ignificantly impro v ed the presentation of this paper. We acknowl-
dge the stimulating discussions with Prof. Noam I. Libeskind



Lopsided satellite distribution in MTNG 1413 

a  

P
b
b
Y
S
t
(
P
R

D

T
/  

w

R

A
A
A
B
B  

B  

B
B
B
B
B
C
C
D
F
G  

G
H
H
H
H
I
I  

K
K  

K
K  

K  

K
L
L  

L  

L  

L  

L
M
M
M
M
M
N
N
P
P
P
P
P
P
P
P
P
P
S
S
S
S  

S
S
S
S
T
T
T  

W  

W
W  

W  

W  

W
W  

Y  

Y
Z
Z
Z  

T

©
P
(

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/529/2/1405/7617717 by guest on 15 M
ay 2024
nd Prof. Xi Kang. This work is supported by the National SKA
rogram of China (grant no. 2020SKA0110100). PW is sponsored 
y Shanghai Pujiang Program (no. 22PJ1415100). HG is supported 
y the CAS Project for Young Scientists in Basic Research (no. 
SBR-092) and the science research grants from the China Manned 
pace Project with no. CMS-CSST-2021-A02. SB is supported by 

he UK Research and Innovation (UKRI) Future Leaders Fellowship 
grant no. MR/V023381/1). We acknowledge the use of the High 
erformance Computing Resource in the Core Facility for Advanced 
esearch Computing at the Shanghai Astronomical Observatory. 

ATA  AVA ILA BILITY  

he MillenniumTNG simulations will be publicly available on https: 
/www.mt ng-project .org in the future. The data we use in this article
ill be shared upon reasonable request to the corresponding author. 

EFER ENCES  

gustsson I. , Brainerd T. G., 2010, ApJ , 709, 1321 
hn C. P. et al., 2014, ApJS , 211, 17 
zzaro M. , Patiri S. G., Prada F., Zentner A. R., 2007, MNRAS , 376, L43 
arrera M. et al., 2023, MNRAS 
ennet P. , Sand D. J., Crnojevi ́c D., Spekkens K., Karunakaran A., Zaritsky

D., Mutlu-Pakdil B., 2019, ApJ , 885, 153 
ennet P. , Sand D. J., Crnojevi ́c D., Spekkens K., Karunakaran A., Zaritsky

D., Mutlu-Pakdil B., 2020, ApJ , 893, L9 
ond J. R. , Cole S., Efstathiou G., Kaiser N., 1991, ApJ , 379, 440 
ose S. et al., 2023, MNRAS , 524, 2579 
owden A. , Evans N. W., Belokurov V., 2014, ApJ , 793, L42 
rainerd T. G. , 2005, ApJ , 628, L101 
rainerd T. G. , Samuels A., 2020, ApJ , 898, L15 
onn A. R. et al., 2013, ApJ , 766, 120 
ontreras S. et al., 2023, MNRAS , 524, 2489 
elgado A. M. et al., 2023, MNRAS , 523, 5899 
erlito F. et al., 2023, MNRAS , 524, 5591 
illet N. , Ocvirk P., Aubert D., Knebe A., Libeskind N., Yepes G., Gottl ̈ober

S., Hoffman Y., 2015, ApJ , 800, 34 
ong C. C. et al., 2019, MNRAS , 488, 3100 
adzhiyska B. et al., 2023a, MNRAS , 524, 2507 
adzhiyska B. et al., 2023b, MNRAS , 524, 2524 
ern ́andez-Aguayo C. et al., 2023, MNRAS , 524, 2556 
olmberg E. , 1969, Arkiv for Astronomi, 5, 305 

bata R. A. et al., 2013, Nature , 493, 62 
bata R. A. , Ibata N. G., Lewis G. F., Martin N. F., Conn A., Elahi P., Arias

V., Fernando N., 2014, ApJ , 784, L6 
ang X. , Wang P., 2015, ApJ , 813, 6 
ang X. , van den Bosch F. C., Yang X., Mao S., Mo H. J., Li C., Jing Y. P.,

2007, MNRAS , 378, 1531 
annan R. et al., 2023, MNRAS , 524, 2594 
nebe A. , Gill S. P. D., Gibson B. K., Lewis G. F., Ibata R. A., Dopita M. A.,

2004, ApJ , 603, 7 
nebe A. , Draganova N., Power C., Yepes G., Hoffman Y., Gottl ̈ober S.,

Gibson B. K., 2008, MNRAS , 386, L52 
roupa P. , Theis C., Boily C. M., 2005, A&A , 431, 517 
i Z. , Wang Y., Yang X., Chen X., Xie L., Wang X., 2013, ApJ , 768, 20 
ibeskind N. I. , Frenk C. S., Cole S., Helly J. C., Jenkins A., Navarro J. F.,

Power C., 2005, MNRAS , 363, 146 
2024 The Author(s). 
ublished by Oxford University Press on behalf of Royal Astronomical Society. This is an Open
 https://cr eativecommons.or g/licenses/by/4.0/), which permits unrestricted reuse, distribution, and rep
ibeskind N. I. , Knebe A., Hoffman Y., Gottl ̈ober S., Yepes G., Steinmetz
M., 2011, MNRAS , 411, 1525 

ibeskind N. I. , Knebe A., Hoffman Y., Gottl ̈ober S., 2014, MNRAS , 443,
1274 

ibeskind N. I. , Hoffman Y., Tully R. B., Courtois H. M., Pomar ̀ede D.,
Gottl ̈ober S., Steinmetz M., 2015, MNRAS , 452, 1052 

ibeskind N. I. , Guo Q., Tempel E., Ibata R., 2016, ApJ , 830, 121 
aji M. , Zhu Q., Marinacci F., Li Y., 2017, ApJ , 843, 62 
arinacci F. et al., 2018, MNRAS , 480, 5113 
erritt A. , van Dokkum P., Abraham R., 2014, ApJ , 787, L37 
etz M. , Kroupa P., Libeskind N. I., 2008, ApJ , 680, 287 
 ̈uller O. , P a wlowski M. S., Jerjen H., Lelli F., 2018, Science , 359, 534 
aiman J. P. et al., 2018, MNRAS , 477, 1206 
elson D. et al., 2018, MNRAS , 475, 624 
akmor R. et al., 2023, MNRAS , 524, 2539 
 a wlowski M. S. , 2018, Mod. Phys. Lett. A , 33, 1830004 
 a wlowski M. S. , 2021a, Nat. Astron. , 5, 1185 
 a wlowski M. S. , 2021b, Galaxies , 9, 66 
 a wlowski M. S. , Kroupa P., 2013, MNRAS , 435, 2116 
 a wlowski M. S. , Ibata R. A., Bullock J. S., 2017, ApJ , 850, 132 
ham K. , Kravtsov A., Manwadkar V., 2023, MNRAS , 520, 3937 
illepich A. et al., 2018a, MNRAS , 473, 4077 
illepich A. et al., 2018b, MNRAS , 475, 648 
lanck Collaboration XIII, 2016, A&A , 594, A13 
amuels A. , Brainerd T. G., 2023, ApJ , 947, 56 
astry G. N. , 1968, PASP , 80, 252 
awala T. et al., 2023, Nat. Astron. , 7, 481 
hao S. , Cautun M., Frenk C. S., Grand R. J. J., G ́omez F. A., Marinacci F.,

Simpson C. M., 2018, MNRAS , 476, 1796 
haya E. J. , Tully R. B., 2013, MNRAS , 436, 2096 
hi J. , Wang H., Mo H. J., 2015, ApJ , 807, 37 
pringel V. et al., 2018, MNRAS , 475, 676 
pringel V. , Pakmor R., Zier O., Reinecke M., 2021, MNRAS , 506, 2871 
ang L. , Lin W., Wang Y., 2020, ApJ , 893, 87 
empel E. , Guo Q., Kipper R., Libeskind N. I., 2015, MNRAS , 450, 2727 
ully R. B. , Libeskind N. I., Karachentsev I. D., Karachentse v a V. E., Rizzi

L., Shaya E. J., 2015, ApJ , 802, L25 
an Z. , Oliver W. H., Lewis G. F., Read J. I., Collins M. L. M., 2020,

MNRAS , 492, 456 
ang H. Y. , Jing Y. P., Mao S., Kang X., 2005, MNRAS , 364, 424 
ang P. , Guo Q., Libeskind N. I., Tempel E., Wei C., Kang X., 2019, MNRAS ,

484, 4325 
ang P. , Kang X., Libeskind N. I., Guo Q., Gottl ̈ober S., Wang W., 2020,

New A , 80, 101405 
ang P. , Libeskind N. I., P a wlowski M. S., Kang X., Wang W., Guo Q.,

Tempel E., 2021, ApJ , 914, 78 
einberger R. et al., 2017, MNRAS , 465, 3291 
elker C. , Dubois Y., Pichon C., Devriendt J., Chisari N. E., 2018, A&A ,

613, A4 
ang X. , van den Bosch F. C., Mo H. J., Mao S., Kang X., Weinmann S. M.,

Guo Y., Jing Y. P., 2006, MNRAS , 369, 1293 
ork D. G. et al., 2000, AJ , 120, 1579 
aritsky D. , Smith R., Frenk C. S., White S. D. M., 1997, ApJ , 478, L53 
el’dovich Y. B. , 1970, A&A, 5, 84 
entner A. R. , Kravtsov A. V., Gnedin O. Y., Klypin A. A., 2005, ApJ , 629,

219 

his paper has been typeset from a T E 

X/L 

A T E 

X file prepared by the author. 
MNRAS 529, 1405–1413 (2024) 

 Access article distributed under the terms of the Creative Commons Attribution License 
roduction in any medium, provided the original work is properly cited. 

https://www.mtng-project.org
http://dx.doi.org/10.1088/0004-637X/709/2/1321
http://dx.doi.org/10.1088/0067-0049/211/2/17
http://dx.doi.org/10.1111/j.1745-3933.2007.00282.x
http://dx.doi.org/10.1093/mnras/stad2688
http://dx.doi.org/10.3847/1538-4357/ab46ab
http://dx.doi.org/10.3847/2041-8213/ab80c5
http://dx.doi.org/10.1086/170520
http://dx.doi.org/10.1093/mnras/stad1097
http://dx.doi.org/10.1088/2041-8205/793/2/L42
http://dx.doi.org/10.1086/432713
http://dx.doi.org/10.3847/2041-8213/aba194
http://dx.doi.org/10.1088/0004-637X/766/2/120
http://dx.doi.org/10.1093/mnras/stac3699
http://dx.doi.org/10.1093/mnras/stad1781
http://dx.doi.org/10.1093/mnras/stad2205
http://dx.doi.org/10.1088/0004-637X/800/1/34
http://dx.doi.org/10.1093/mnras/stz1917
http://dx.doi.org/10.1093/mnras/stad731
http://dx.doi.org/10.1093/mnras/stad279
http://dx.doi.org/10.1093/mnras/stad1657
http://dx.doi.org/10.1038/nature11717
http://dx.doi.org/10.1088/2041-8205/784/1/L6
http://dx.doi.org/10.1088/0004-637X/813/1/6
http://dx.doi.org/10.1111/j.1365-2966.2007.11902.x
http://dx.doi.org/10.1093/mnras/stac3743
http://dx.doi.org/10.1086/381306
http://dx.doi.org/10.1111/j.1745-3933.2008.00459.x
http://dx.doi.org/10.1051/0004-6361:20041122
http://dx.doi.org/10.1088/0004-637X/768/1/20
http://dx.doi.org/10.1111/j.1365-2966.2005.09425.x
http://dx.doi.org/10.1111/j.1365-2966.2010.17786.x
http://dx.doi.org/10.1093/mnras/stu1216
http://dx.doi.org/10.1093/mnras/stv1302
http://dx.doi.org/10.3847/0004-637X/830/2/121
http://dx.doi.org/10.3847/1538-4357/aa72f5
http://dx.doi.org/10.1093/mnras/sty2206
http://dx.doi.org/10.1088/2041-8205/787/2/L37
http://dx.doi.org/10.1086/587833
http://dx.doi.org/10.1126/science.aao1858
http://dx.doi.org/10.1093/mnras/sty618
http://dx.doi.org/10.1093/mnras/stx3040
http://dx.doi.org/10.1093/mnras/stac3620
http://dx.doi.org/10.1142/S0217732318300045
http://dx.doi.org/10.1038/s41550-021-01452-7
http://dx.doi.org/10.3390/galaxies9030066
http://dx.doi.org/10.1093/mnras/stt1429
http://dx.doi.org/10.3847/1538-4357/aa9435
http://dx.doi.org/10.1093/mnras/stad335
http://dx.doi.org/10.1093/mnras/stx2656
http://dx.doi.org/10.1093/mnras/stx3112
http://dx.doi.org/10.1051/0004-6361/201525830
http://dx.doi.org/10.3847/1538-4357/acc069
http://dx.doi.org/10.1086/128626
http://dx.doi.org/10.1038/s41550-022-01856-z
http://dx.doi.org/10.1093/mnras/sty343
http://dx.doi.org/10.1093/mnras/stt1714
http://dx.doi.org/10.1088/0004-637X/807/1/37
http://dx.doi.org/10.1093/mnras/stx3304
http://dx.doi.org/10.1093/mnras/stab1855
http://dx.doi.org/10.3847/1538-4357/ab8292
http://dx.doi.org/10.1093/mnras/stv919
http://dx.doi.org/10.1088/2041-8205/802/2/L25
http://dx.doi.org/10.1093/mnras/stz3477
http://dx.doi.org/10.1111/j.1365-2966.2005.09543.x
http://dx.doi.org/10.1093/mnras/stz285
http://dx.doi.org/10.1016/j.newast.2020.101405
http://dx.doi.org/10.3847/1538-4357/abfc4f
http://dx.doi.org/10.1093/mnras/stw2944
http://dx.doi.org/10.1051/0004-6361/201629007
http://dx.doi.org/10.1111/j.1365-2966.2006.10373.x
http://dx.doi.org/10.1086/301513
http://dx.doi.org/10.1086/310557
http://dx.doi.org/10.1086/431355
https://creativecommons.org/licenses/by/4.0/

	1 INTRODUCTION
	2 DATA AND METHODOLOGY
	3 RESULTS
	4 SUMMARY AND DISCUSSION
	ACKNOWLEDGEMENTS
	DATA AVAILABILITY
	REFERENCES

