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A B S T R A C T 

Dwarf galaxies provide a unique opportunity for studying the evolution of the Milky Way (MW) and the Local Group as a whole. 
Analysing the running solar apex based on the kinematics of the MW satellites, we disco v ered an une xpected behaviour of the 
dipole term of the radial velocity distribution as a function of the Galactocentric distance. The nearby satellites ( < 100 kpc) have 
a bulk motion with an amplitude of 140–230 km s −1 , while the more distant ones show an isotropic distribution of the radial 
velocities. Such strong solar apex variations cannot be explained by the net rotation of the satellites, as it would require an 

enormously high rotation rate ( ≈970 km s −1 ). If we exclude the Large and Magellanic Clouds (LMC) and its most closely related 

members from our sample, this does not suppress the bulk motion of the nearby satellites strongly enough. Nevertheless, we 
have demonstrated that the observed peculiar kinematics of the MW satellites can be explained by a perturbation caused by the 
first infall of the LMC. First, we ‘undone’ the effect of the perturbation by integrating the orbits of the MW satellites backwards 
(forwards) with (without) massive LMC. It appears that the present-day peculiar enhancement of the solar apex in the inner 
halo is diminished the most in the case of 2 × 10 

11 M � LMC. Next, in self-consistent high-resolution N -body simulations of the 
MW–LMC interaction, we found that the solar apex shows the observed behaviour only for the halo particles with substantial 
angular momentum, comparable to that of the MW satellites. 

Key words: galaxies: formation – galaxies: groups: general – galaxies: kinematics and dynamics – Local Group. 
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 I N T RO D U C T I O N  

wing to its proximity, the Local Group is one of the most oppor-
unistic systems of galaxies and, thus, it is a testbed for various prob-
ems of modern galaxy formation theories. Over the past decades,
arious large-scale surv e ys hav e led to the disco v ery and detailed
tudy of several dozen of nearby dwarf galaxies (see a re vie w by Si-
on 2019 and references therein). Thanks to the Gaia space mission,

roper motions have been measured for most of the nearby satellites
for instance, see recent works by McConnachie & Venn 2020 ;
ammer et al. 2021 ; Pace, Erkal & Li 2022 ). These data, together
ith the line-of-sight radial v elocities, pro vide an opportunity to

tudy both the formation and evolution of the Local Group galaxies.
It is assumed that objects inside the virial regions of groups must be

randomized’, and coherent structures cannot persist for a very long
ime. Ho we v er, K unkel & Demers ( 1976 ) and Lynden-Bell ( 1976 )
oted that the Milky Way (MW) satellites are arranged in a wide
elt along a great circle perpendicular to the disc of the Galaxy.
roupa, Theis & Boily ( 2005 ); Metz, Kroupa & Jerjen ( 2007 );
 a wlowski, Pflamm-Altenburg & Kroupa ( 2012 ) show that the
 E-mail: dim@sao.ru 
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Pub
attened distribution of the MW satellites is 99.5 per cent inconsistent
ith an isotropic or prolate distribution of substructures, as might be

xpected in � CDM. Similar planar structures were found around all
earby massive galaxies: the Andromeda galaxy (Metz et al. 2007 ),
81 (Chiboucas et al. 2013 ), Centaurus A (Tully et al. 2015 ), and
GC 253 (Mart ́ınez-Delgado et al. 2021 ). Moreo v er, observations
emonstrate that the plane of satellite galaxies, perpendicular to
he MW disc, can be rotationally supported (P a wlowski & Kroupa
013 ). There are also evidences in fa v our of a regular rotation of the
lane of satellites around the Andromeda galaxy (Ibata et al. 2013 ).
herefore, planes of satellites may be quite widespread in the nearby
ni verse. Ho we ver, modern galaxy formation simulations are not in

a v our of the stability of these structures (see, e.g. P a wlowski 2021 ).
One possible explanation of the flat structures in the Local Group

s a natural outcome of the anisotropic infall of satellites along
ark matter (DM) filaments of the cosmic web (Aubert, Pichon &
olombi 2004 ; Libeskind et al. 2005 ). It is an inherent process of
alo formation in � CDM cosmology. Indeed, Besla et al. ( 2007 )
oncluded that the Large and Small Magellanic Clouds (LMC, SMC)
re on their first passage around the MW (see also Besla et al. 2010 ,
012 ; Kalli v ayalil et al. 2013 ). 
The present-day estimates of the LMC mass suggest that it is a

 ery massiv e galaxy ( ∝ 10 11 M �), affecting the motions of stars
© 2023 The Author(s) 
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Figure 1. Distribution of the MW satellites o v er the sky in Galactic 
coordinates. The zone of a v oidance in the MW is shown in gray scale. 
The direction towards the Galactic anticentre is in the centre of the map. 
The upper panel illustrates the colour-coded distribution of the satellites by 
Galactocentric distance, while the bottom panel shows their heliocentric radial 
velocities. 
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Figure 2. Cumulative number distribution of the satellites as a function of 
distance from the Galactic Centre (blue line). The linear fit of the distribution 
is shown by the black solid line, while red and magenta lines correspond to 
Einasto and NFW profiles, respectively. 
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n the stellar halo of the MW (Conroy et al. 2021 ; Erkal et al.
021 ), shaping properties of surrounding stellar streams (Erkal et al. 
018 , 2019 ) and globular clusters (Garrow, Webb & Bovy 2020 ),
nd waking the DM distribution on large scales (Garavito-Camargo 
t al. 2019 ; Cunningham et al. 2020 ). As a result, the infalling LMC,
ogether with its satellite galaxies’ escort, can influence the velocity 
istribution of the entire population of the MW satellites (Jethwa, 
rkal & Belokurov 2016 ). 
The current work is an extension of an analysis of the solar apex

ehaviour, which is vital for studying the motion of galaxies outside 
he Local Group (Karachentsev & Makarov 1996 ; Tully et al. 2008 ;
ourkchi et al. 2020 ). In particular, by making an analysis of the

olar apex variations as a function of the Galactocentric radius, we 
isco v ered its peculiar behaviour for the inner population of the MW
atellite galaxies, which, as we show below, can be explained by the
nfall of the LMC. 

The paper is structured as follows. In Section 2 , we present a
ample of the MW satellites. The current knowledge of the solar
pex with respect to the MW is given in Section 3.1 . Sections 3.2
nd 3.3 describe the solutions for the dipole and quadrupole terms of
he observed velocity field, respectively. In Section 4 , we discuss the
xistence and properties of two kinematically different populations 
f the satellites. The model of velocity field perturbation by the 
otion of a massive satellite is described in Section 5 . We conclude

n Section 6 . 

 SATELLITES  O F  T H E  M I L K Y  WAY  

n order to investigate the kinematics of the MW satellites, we 
elected 66 currently known dwarf galaxies within 450 kpc around 
ur Galaxy. The data were collected from several recent studies 
f cosmic flows in the vicinity of massive galaxies (Kashibadze & 

arachentsev 2018 ), including a systematic search for ultra-faint 
atellites in the Dark Energy Surv e y (DES) and P an-STARRS1 (PS1)
urv e ys (Drlica-Wagner et al. 2020 ). Our catalogue also includes the
ata from the works on proper motions of dwarf galaxies around 
he MW (McConnachie & Venn 2020 ; Pace et al. 2022 ). The final
atalogue is presented in Table A1 , where we list the sky coordinates,
istance, and heliocentric line-of-sight velocity. The distribution of 
alaxies in the sky is shown in Fig. 1 . 

We show the distance distribution of dwarf galaxies around the 
W in Fig. 2 . Leaving out the completeness of the sample of

atellites, which is outside the scope of this work, we find that the
umber of objects linearly increases as a function of log distance. 
his relation corresponds to a decrease in the spatial number density 
f satellites as the cube of the distance, n ∝ r −3 . The relation starts
rom Tucana III, D MW 

≈ 23 kpc, which roughly corresponds to the 
oundary of the Galactic stellar halo, ≈25 kpc (Bland-Hawthorn & 

erhard 2016 ), and continues out to Leo I, D MW 

≈ 260 kpc, which
oughly corresponds to the outer boundary of the MW dark matter 
alo, 292 ± 61 kpc (Deason et al. 2020 ). The number density
istribution can be well described by the Einasto profile (Einasto 
965 ), n ∝ e xp ( −0.82 r 0.46 ), e xcept for the innermost parts of the
W stellar halo, D MW 

� 30 kpc (the fit is shown by the red line
n Fig. 2 ). The observed lack of dwarf galaxies in the proximity of
he disc is likely caused by their disruption in the tidal field of the

W. The NFW profile (Navarro, Frenk & White 1996 ) o v erpredicts
he number of galaxies at very large distances from the MW, D MW 

 260 kpc; ho we ver, it works well at smaller distances down to the
MC at ∼50 kpc (the fit is shown by the magenta line in Fig. 2 ). 
Beyond 260 kpc from the MW, we notice a gap in the distribution

f satellites, clearly visible in the velocity–distance diagram (Fig. 3 ).
he next dwarf galaxies appear only at distances of about D MW 

400 kpc. They also differ in their kinematics. Inside 260 kpc,
atellites are very well randomized around MW in terms of velocities,
hereas at distances of about 400 kpc, all galaxies have negative
MNRAS 521, 3540–3552 (2023) 
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Figure 3. Velocity–Galactocentric distance distribution of nearest galaxies. 
The line-of-sight velocity is corrected for the motion of the Sun in the MW. 
The dot–dashed and dotted lines correspond to circular and escape velocities 
for a point mass of 1 × 10 12 M �, correspondingly. 
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adial velocities. This indicates that Eridanus-II, Phoenix, and Leo T
av e just be gun their first fall into the halo of the MW. From this we
an conclude that the virial zone of our Galaxy extends at least up to
60 kpc but no further than 380 kpc. Therefore, for further analysis,
e use galaxies only within 260 kpc of the MW. 
Most of the radial velocities in our sample were adopted from
cConnachie & Venn ( 2020 ) with the latest updates from Pace

t al. ( 2022 ) and from the original articles. Several missing galaxies,
amely SMC, LMC, Crater, Bootes III, and Sagittarius dSph, have
een added from the data base of the Local Volume galaxies 1 (Kaisina
t al. 2012 ). In total, 79 per cent of the satellites in the virial zone of
he MW (50 out of 63) have precise radial velocity measurements,
ith a typical uncertainty less than 2 km s −1 . The lower panel of
ig. 1 presents the distribution of the radial velocities of the satellites
 v er the sk y in Galactic coordinates. One can see that the distribution
learly shows a large-scale dipole structure with ne gativ e v elocities
n the direction of the solar motion around the Galactic Centre, ( l , b )

(90 ◦, 0 ◦), and positive velocities in the opposite direction, ( l , b ) ≈
270 ◦, 0 ◦). 

Although the distribution of galaxies in Fig. 1 shows the abo v e-
entioned plane of satellites and the apparent concentration of

bjects in the direction of LMC/SMC system, the celestial sphere
s co v ered with satellites quite well. This makes it possible to study
he full three-dimensional collective motion of a system of the dwarf
alaxies around the MW and to estimate the solar ape x relativ e to
hese galaxies. 

 RU N N I N G  SOLAR  APEX  

.1 Motion of the Sun in the Galaxy 

n our analysis, we adopt the motion of the Sun in the MW from the
e vie w by Bland-Hawthorn & Gerhard ( 2016 ), where the authors
ollected and systematized information about the structure and
roperties of our Galaxy. In particular, we assume that the Sun is
ocated 8.2 ± 0.1 kpc away from the Galactic Centre and 25 ± 5 pc
NRAS 521, 3540–3552 (2023) 
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bo v e the plane of the Galaxy. The solar motion relative to the Local
tandard of Rest (LSR) is ( U �, V �, W �) = (10.0 ± 1, 11.0 ± 2,
.0 ± 0.5) km s −1 , where U � corresponds to the motion towards
he Galactic Centre, V � is the velocity in the direction of rotation,
nd W � is the component perpendicular to the disc plane in the
irection of the North Pole of the Galaxy. The angular motion of
he Sun in the Galactic plane relative to the compact radio source
gr A ∗ associated with a supermassive black hole at the Centre of

he MW is �� = 30.24 ± 0.12 km s −1 kpc −1 (Reid & Brunthaler
004 ; Reid 2008 ). This results in the tangential velocity of the
un of V g , � = 248 ± 3 km s −1 . Combining the abo v e together, the
omponents of the solar motion relative to the Galactic Centre are
 U , V , W ) = (10.0 ± 1, 248 ± 3, 7.0 ± 0.5) km s −1 . Since the
ollective motion of the LSR relative to the Galaxy rotation remains
ncertain, V LSR = 0 ± 15 km s −1 , Bland-Hawthorn & Gerhard ( 2016 )
stimated the circular velocity of the Galaxy in the solar vicinity to
e 238 ± 15 km s −1 . 

.2 Measurement of the solar apex 

he line-of-sight heliocentric velocity V h of the MW satellites can
e represented as 

 h = ( V g − V �) · n + ε, (1) 

here V � is the vector of the solar motion in the Galaxy, V g is
he velocity vector of satellites relative to the Galaxy, n is the
nit direction vector to a satellite, and ε is the random velocity
easurement error. 
Assuming that the motion of the satellites is uncorrelated, we can

onsider the line-of-sight velocity of the galaxy, V g · n , as a random
ariable with a mean value equal to zero and a variance of the order
f 100 km s −1 . In this case, the calculation of the solar apex is based
n a linear regression problem: 

 h = −V � · n + ε, (2) 

here the model ‘error’, ε, is the sum of a random variable associated
ith the unknown direction of the galaxy motion and the velocity
easurement error. The one-sigma errors of the three components

f the solar motion vector, V �, are estimated in a standard way using
ovariance matrix and residual variance of the linear regression
 2 ). F or conv enience, the v ector of the Sun motion is conv erted
nto spherical Galactic coordinates, and its errors are transformed
n accordance with the propagation of uncertainties. Note that the
easurement errors of ∼1–2 km s −1 are negligibly small compared

o the velocity dispersion of satellites in the gravitational field of the
W. At the same time, the solar apex, determined from the satellites,

ontains information not only about the motion of the Sun in the
alaxy but also about the collective motions of the surrounding
alaxies. Since this model is purely focused on the analysis of
elocity distribution, distance errors of the satellites do not affect
he resulting solution. Distance uncertainties can only slightly affect
he composition of a subsample of galaxies due to variation of their
istances. 
Having sorted the satellites in order of increasing distance from

he Centre of the MW, we determine the solar apex depending on the
urrent number of galaxies under consideration, k , and, in fact, on
he distance from the Centre of the Galaxy. Despite the fact that each
ubsequent estimate is not statistically independent of the previous
nes, this approach allows us to reveal trends in the behaviour of the
olar apex. In fact, this methodology repeats in the main details the
nalysis of the motion of our Galaxy relative to its neighbours in the
ocal Volume (Karachentsev & Makarov 1996 ). 
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Figure 4. The ‘drift’ of the running solar apex in the Galactic coordinates. 
The apex ‘trajectory’ is presented by a dashed line. The colour of the dots 
corresponds to the sample depth, namely the distance to the farthest galaxy 
in the sample. The errors are shown only for two subsamples of 0–100 and 
0–260 kpc. The big brown open circle with errors corresponds to a subsample 
of galaxies between 100 and 260 kpc. The small black open circle indicates 
the solar apex in our Galaxy. Its size roughly corresponds to the measurement 
errors. 

 

d  

d
d  

a  

(  

2  

b  

T  

r  

F  

g  

c

t  

v
 

a
a  

b  

o  

o  

i  

g  

f  

d
h  

L  

G  

a  

k

g  

d  

v
 

1  

(  

t  

w  

t  

b
 

a  

n  

o  

U  

s  

t
a  

fi  

F
s
t
T

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/521/3/3540/7078568 
The ‘drift’ of the solar apex in the sky is shown in Fig. 4 . At small
istances, the apex yaws across the sky and its amplitude jumps
ue to the small sample sizes. Then, points concentrate around the 
irection ( l , b ) = ( + 86 ◦, −16 ◦), with the amplitude of ∼390 km s −1 ,
fter which there is a transition to a stationary value of ( l, b, V ) =
 + 88 ◦, −9 ◦, 300 km s −1 ) for the entire sample of satellites within
60 kpc. The apex drifts systematically (at the level of 2–2.5 sigma)
elow the expected direction of the motion of the Sun in the Galaxy.
he variation of the apex amplitude and the standard deviation of the

esidual velocities with sample depth is presented in the left panel of
ig. 5 . It is noteworthy that the apex velocity determined for nearby
alaxies turns out to be systematically higher than that for a more
omplete sample, including distant satellites. The transition between 
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igure 5. The ‘evolution’ of the ape x v elocity with the Galactocentric distance. Th
hown only for every fifth measurement, so as not to clutter the figure. Left: the run
he LMC and SMC for the first time are marked in red. Right: behaviour of the amp
he ape x es centred on the LMC and SMC are also marked in red. 
hese two stationary points occurs at a distance of about 100 kpc, di-
iding the MW satellites into conditionally internal and external ones. 
This feature becomes even more pronounced if we plot the running

pex estimated for each satellite, including 10 galaxies before and 
fter it in the ordered list. This approach is similar to data smoothing
y the moving average filter. As a result, each dot in the right panel
f Fig. 5 corresponds to the solar apex determined from the motion
f 21 objects (of course, we take into account only data that fall
nto the smoothing window and near the boundaries; the number of
alaxies under consideration is less than 21, dropping down to 11
or the first and last galaxies in the sample). The apex amplitude
etermined for internal galaxies below ∼80 kpc is systematically 
igher than 300 km s −1 , reaching a maximum of 450 km s −1 for the
MC. This value significantly exceeds the velocity of the Sun in the
alaxy of 248 km s −1 at the level of 4 sigma. The smoothed apex

bo v e ∼80 kpc sharply calms down and forms a plateau of ∼270
m s −1 . 
A comparison of the two approaches shows that the internal 

alaxies at D MW 

< 100 kpc are responsible for both the systematic
eviation of the apex for the full sample of satellites and their higher
elocity dispersion. 

The solar apex, estimated only from a sample of external satellites,
00 < D MW 

< 260 kpc, outside the ‘transition zone’, is ( l, b, V ) =
90 ± 14 ◦, −10 ± 6 ◦, 249 ± 37 km s −1 ) with a standard deviation of
he residual velocities of 84 km s −1 . This value is in good agreement
ith the known motion of the Sun in the Galaxy. The position of

he solar apex for the external satellites is marked in Fig. 4 by a big
rown open dot with error bars. 
The results are summarized in Table 1 . It contains information

bout (1) the selection criteria for satellites in the sample; (2) the
umber, N , of galaxies in the sample; (3) the standard deviation, σ ,
f the residual velocities of the model ( 2 ); (4), (5), and (6) the spatial,
 , V , W , components of the solar motion vector; (7), (8), and (9) the

olar apex, ( l , b ), in Galactic coordinates and its velocity, V ; and (10)
 test characterizing the significance of the difference between the 
pex and the motion of the Sun in the Galaxy. F or conv enience, the
rst line of the table shows the apex of the solar motion in the Galaxy
MNRAS 521, 3540–3552 (2023) 
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M

Table 1. The solar apex estimated from different samples of satellites of our Galaxy. 

Sample N σ U V W l b V t 
km s −1 km s −1 km s −1 km s −1 ◦ ◦ km s −1 

Sun + 10 ± 1 + 248 ± 3 + 7 ± 1 + 87.7 ± 0.2 + 1.6 ± 0.1 248 ± 3 

0 < D MW 

< 100 31 113 + 23 ± 51 + 359 ± 44 −81 ± 33 + 86.3 ± 8.1 −12.7 ± 5.3 369 ± 44 3.5 
30 < D MW 

< 85 22 101 + 71 ± 54 + 414 ± 54 −110 ± 35 + 80.2 ± 7.4 −14.7 ± 4.8 435 ± 53 4.3 
35 < D MW 

< 81 21 100 + 82 ± 54 + 430 ± 55 −106 ± 34 + 79.3 ± 7.0 −13.6 ± 4.6 450 ± 54 4.5 
30 < D MW 

< 100 25 105 + 62 ± 54 + 384 ± 48 −79 ± 32 + 80.8 ± 7.9 −11.5 ± 4.8 397 ± 48 3.7 
0 < D MW 

< 260 50 105 + 8 ± 39 + 295 ± 28 −49 ± 21 + 88.5 ± 7.6 −9.5 ± 4.1 300 ± 27 3.0 
30 < D MW 

< 260 44 101 + 22 ± 41 + 295 ± 28 −45 ± 21 + 85.8 ± 8.0 −8.6 ± 4.0 300 ± 28 2.8 
100 < D MW 

< 260 19 84 −2 ± 62 + 245 ± 37 −43 ± 27 + 90 ± 14 −10.0 ± 6.4 249 ± 37 1.7 
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Table 2. Additional dipole term with respect to the solar motion in the 
Galaxy. 

Sample N l b V t 
◦ ◦ km s −1 

0 < D MW 

< 100 31 + 83 ± 26 −38 ± 15 142 ± 40 3.5 
30 < D MW 

< 85 22 + 70 ± 17 −34 ± 11 212 ± 49 4.3 
35 < D MW 

< 81 21 + 69 ± 16 −30 ± 10 226 ± 50 4.5 
30 < D MW 

< 100 25 + 69 ± 21 −31 ± 13 169 ± 45 3.7 
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rom the re vie w by Bland-Hawthorn & Gerhard ( 2016 ) described in
ection 3.1 . 

.3 Quadrupole term of the radial velocities 

he tidal influence of neighbouring galaxies should appear in the
uadrupole term of the velocity distribution of the satellites. The
orresponding model can be written in the matrix form as 

 h = −n 

T V � + n 

T H n + ε, (3) 

here V h is an observed heliocentric velocity of the satellite; V �
s the solar motion vector; n is a unit vector in the direction to
he satellite; H is a symmetric matrix, ( H ij = H ji ), with zero trace;

 

H ii = 0, describing the quadrupole anisotropy of the velocity field;
nd ε is a random component of the velocity. 

We found the joint solutions for the solar apex and the quadrupole
erm of the velocity field for a complete sample of galaxies, 0 < D MW 

 260, for a subsample of internal, D MW 

< 100, and external, D MW 

 100, satellites, with and without taking into account the nearest
alaxies, D MW 

< 30 kpc, that are most affected by the MW. None
f the considered samples has the significance of the quadrupole
erm exceeding the 3 sigma level. The most significant solution,

2.8 sigma, is for the subsample of 31 inner satellites, 0 < D MW 

 100 kpc. Ho we v er, the e xclusion of the nearest galaxies, D MW 

 30 kpc, from consideration completely destroys the quadrupole
erm and its difference from zero becomes miserable, 1.1 sigma.
hus, we can conclude that the largest deviations from the dipole
istribution are associated with the motion of the six nearest satellites.
he dynamics of these galaxies may be affected by the strong tidal

nfluence of our Galaxy and by the dynamical friction in the halo of
he MW. 

 TWO  POP U LATIONS  O F  SATELLITES  

he analysis of the radial velocities of the MW satellites suggests
he existence of two kinematically different populations. 

The external satellites (19 objects) located further than 100 kpc
how a random distribution of radial velocities with respect to our
alaxy with a dispersion of 84 km s −1 . The dipole term of the velocity
istribution is in reasonably good agreement with the motion of the
un in the MW. This is consistent with the standard concepts of
alaxy group kinematics and modern cosmological modelling. 

On the other hand, the apex determined from the nearby satellites
ithin 100 kpc demonstrates a significant deviation from the known

olar motion in the Galaxy. Table 2 summarizes this difference for
our samples of internal satellites. The additional dipole is most
ronounced at 4.5 sigma level in the kinematics of 21 galaxies located
etween 35 and 81 kpc from the Galaxy. It seems that the MW flies
NRAS 521, 3540–3552 (2023) 
hrough a swarm of internal satellites at a speed of 226 ± 50 km s −1 in
he direction of ( l , b ) = ( + 69 ± 16 ◦, −30 ± 10 ◦). This result seems
urprising because the satellites within 100 kpc should be virialized
nd the probability of preservation of the coherent motions is small.

.1 First passage 

n fact, we expect the correlated motion to persist only on the first
assage of galaxies through the halo of the MW. This scenario
s supported by a recent work in which Hammer et al. ( 2021 )
nalysed 3D velocities, angular momentum, and total energy of
0 MW satellites using the Gaia data. They argue that nearby dwarfs,
 60 kpc, are not long-lived satellites but entered the MW group
2 Gyr ago and are on their first flyby. This is also consistent with

he stellar population of these dwarf galaxies showing a small fraction
f young stars. The LMC is the most prominent galaxy passing the
erigalacticon for the first time (Besla et al. 2007 ) and entered within
he virial zone about 1–3 Gyr ago. Together with its escort (Jethwa
t al. 2016 ), LMC may create a significant effect of the bulk motion
ith an amplitude of about 200 km s −1 . It is worth to note that, using

he proper motions of 52 dwarf spheroidal galaxies, Pace et al. ( 2022 )
ound no evidence that most satellites lie near their pericentre. 

Fig. 5 suggests that the features of the kinematics of the internal
atellites are associated with the motion of the LMC. Indeed, the
aximal bulk motion of the satellites is revealed when considering a

ayer of 21 galaxies within 35 � D MW 

� 80 kpc centred on the LMC.
Ho we ver, a simple test for excluding from consideration the LMC

nd all escort dwarfs with close velocities, distances, and positions
n the sky, namely Tucana IV, Pictor II, Tucana V, Tucana II, and
MC, reduces the amplitude of the peculiar motion but does not
hange the picture qualitatively. The additional bulk flow of the
emaining 26 satellites within D MW 

= 100 kpc is 136 ± 44 km s −1 .
ith the exclusion of Hydrus I, Carina III, Reticulum II, Carina II,
orologium II, Horologium I, and Phoenix II as the most probable
embers of the LMC group, according to Jethwa et al. ( 2016 ) and
alli v ayalil et al. ( 2018 ), the significance of the bulk motion inside
 MW 

< 100 kpc drops to the level of 2.4 sigma ( V = 146 ± 62 km s −1 

rom 19 galaxies). This case is shown in the top panel of Fig. 6 . If we
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Figure 6. Behaviour of the amplitude of the smoothed apex after the 
elimination of some satellites. Small light gray points correspond to the 
full sample, as shown in the right-hand panel of Fig. 5 . Top: the LMC and 
its most probable 12 members are excluded from consideration. Bottom: the 
eight most influential galaxies are excluded. The top panel shows that the 
effect of the infall of the LMC-connected group of satellites cannot explain 
the observed running solar apex variations. 
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lso exclude the potential LMC members Tucana III, Draco II, Grus
I, Reticulum III, Grus I, Pictor I, and Hydra II, then the significance
f the collective motion decreases even more, but only 15 galaxies 
emain in the sample of the internal satellites. 

Another way is to find the satellites most responsible for the 
eviation from the solar ape x. F or this purpose, we search for a
alaxy whose exclusion from consideration provided the greatest 
uppression of the dipole additional to the solar one. Having 
liminated this galaxy, we iteratively repeat the previous step until 
he maximum significance of the deviation falls below t = 2. The
esulting behaviour of the smoothed apex velocity is shown in the 
ottom panel of Fig. 6 . The biggest contribution to the deviation
f the apex from the solar one is made by Carina II. Its exclusion
educes the significance of the additional dipole from t = 4.5–3.6. 
he galaxy with the highest ne gativ e v elocity, Triangulum II, is the
econd most influential satellite. Together with Bootes I, they provide 
he significance of the deviation from the solar apex above 3 sigma.
urther exclusion of Draco, LMC, Segue 2, Carina III, and Grus II
akes the significance of the deviation less, t = 2. It is important

o emphasize that four of these eight galaxies are members of the
MC group, according to Jethwa et al. ( 2016 ) and Kalli v ayalil et al.
 2018 ). This supports the hypothesis that the behaviour of the apex
s associated with the first flyby of a group of galaxies around the

W. On the other hand, half of these most influential galaxies are
ot directly associated with the LMC, and this may indicate that the
MC perturbs their motion. 

.2 Possible rotation of the inner satellites of the MW 

 possible explanation for the observed collective motion of the 
nternal satellites is the global rotation of this subsystem around the 
alaxy. This will create a pattern in the velocity field that mimics a
ipole distrib ution, b ut it must depend on the distance to the objects.
s a consequence, the dipole solution will differ significantly from 

he apex associated with the solar motion in the MW. Note that, due to
rojection effects, the component of the specific angular momentum 
seudo v ector is directed to the centre of rotation and does not make
ny contribution to the radial velocity field. Therefore, the maximum 

nd minimum of rotation will al w ays be perpendicular to the direction
o the Centre of the Galaxy; in other words, they will have a Galactic
ongitude of 90 ◦ or 270 ◦. The observed orientation of the dipole
dditional to the solar apex (see Table 2 ) has a longitude of 70–80,
hich is consistent with the assumption about the rotation of the

ubsystem of satellites. 
This hypothesis finds confirmation in the study of satellite planes. 

sing the proper motions of 11 classical satellites of the MW,
 a wlowski & Kroupa ( 2013 ) found a coherent orbital alignment
or most (from 7 to 9) of the considered satellites. This indicates
hat a vast polar structure of satellites forms a rotationally stabilized
lane around the Galaxy. In addition, Ibata et al. ( 2013 ) showed
hat the planar structure of satellites around the Andromeda galaxy 
otates about the host galaxy. These disco v eries convincingly show
hat a significant number of satellites have the same dynamical orbital
roperties and direction of angular momentum. Thus, the coherent 
otation of satellite subsystems can be a widespread phenomenon. 

A simple model of the radial velocity field, which takes into
ccount the rotation of the system with a constant circular velocity,
an be described by the equation: 

 = S × n MW 

· n � + ε, (4) 

here V is the radial velocity of the galaxy corrected for the
olar apex in the Galaxy; for the spin pseudo v ector, S , only two
angential components can be determined; n MW 

and n � are unit 
ectors directed towards the galaxy from the MW Centre and from the
un, respectively. Taking into account properties of the scalar triple 
roduct, it is easy to show that the observed peculiar component of
he velocity field associated with the rotation of the system decreases
nversely with the distance to the galaxy, V ∝ S / D MW 

. As a result,
ven a small peculiar velocity for the distant galaxies could require a
igh rotation speed. This model can describe the velocity field quite
ell. The standard deviation of the residuals of 105 km s −1 for the 30
 D MW 

< 85 kpc sample is only slightly higher than 101 km s −1 for
he dipole solution. Ho we ver, the model requires an incredibly high
ircular velocity of 970 ± 260 km s −1 , which cannot be physically
ustified. 

Nevertheless, it is worth to note that tangential velocities, not 
ncluded in our analysis, pro vide ke y information to distinguish
otation from dipole motion of the satellites, as stressed by Petersen &
e ̃ narrubia ( 2021 ). 

 I M PAC T  O F  T H E  LMC  O N  T H E  SOLAR  APEX  

ne possible explanation for the observed bulk motion of the internal
atellites may be the influence of the LMC on the position of the
alaxy within its halo. Recent studies show that the total mass of the
MC should be of the order of 1–2 × 10 11 M �, which is a significant

raction of the mass of the MW halo. The presence of such a close
nd massive neighbour will inevitably affect the dynamics of the 
ntire system (G ́omez et al. 2015 ; Garavito-Camargo et al. 2021 ). In
articular, it is expected that the MW will be accelerated relative to
ts outskirts beyond 30 kpc. Using a sample of about 500 stars in the
istant halo of the Galaxy, Erkal et al. ( 2021 ) found an asymmetry
n the distribution of radial velocities, which is consistent with the
cceleration of the inner halo caused by the LMC. 

In their studies, Petersen & Pe ̃ narrubia ( 2020 , 2021 ) say that the
MC can affect our Galaxy in different ways. In particular, there is a
hred of evidence that the MW disc is moving with respect to stellar
racers in the outer halo with the velocity of 32 ± 4 km s −1 , in the
MNRAS 521, 3540–3552 (2023) 
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M

Figure 7. Solar apex based on the MW satellites’ orbits’ integration. Black curves are the same across the panels and show the present-day solar apex. Coloured 
lines in different panels show the apex variation calculated after the integration of the satellites’ orbits, 5 Gyr backwards and then forward to the present day. 
In the backward integration, we assume a given mass of the LMC; after that, we remo v e the LMC mass from the system and integrate all the satellites’ orbits 
forward. This approach allows testing the contribution of the massive LMC to observed kinematics of the MW satellites. One can see that in case of massive 
LMC, ≈1.4–2.2 × 10 11 M �, the inner apex feature ( < 100–120 kpc) is diminished, suggesting its causation by the LMC. 
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irection that points at an earlier location on the LMC trajectory. The
esulting reflex motion is detected in the kinematics of outer halo
tars and MW satellite galaxies. 

We test a hypothesis that a massive galaxy moving through the
W halo can cause a prominent dipole-like velocity pattern of the

atellites, similar to the one observed in the lower panel of Fig. 1 .
n particular, as it is stated abo v e, we study the impact of the LMC
n the line-of-sight velocity distribution of objects in the halo of the
W. 

.1 Solar apex without the LMC-induced perturbation 

e start our exploration of the LMC impact on the observed
ariations of the solar apex by studying the orbits of the MW
atellites. We use a technique similar to the one described in Correa
agnus & Vasiliev ( 2022 ), where first we integrate the orbits of the
W satellites (with full 6D phase-space information from Battaglia

t al. 2022 ) backwards in time, taking into account dynamical friction
NRAS 521, 3540–3552 (2023) 
f the MW affecting the LMC orbit and a reflex motion of the MW
aused by the interaction with the LMC. Next, we use the positions
nd velocities of the satellites (and the MW) and integrate the entire
ystem forwards till the recent time but removing the mass of the
MC. Therefore, after this backw ards-forw ard integration, we are
ble to find the phase-space configuration of the MW satellites in
he absence of the LMC, which induces a significant kinematic
symmetry in the satellite MW distribution (see Fig. 7 in Correa
agnus & Vasiliev 2022 ). 
In our models, the LMC is a single spherical NFW halo with the

cale length of 8 . 5 kpc × ( M LMC / 10 11 M �) 0 . 6 truncated at 10 scale
engths, reproducing the observed rotation curve if the LMC mass
s about (1–3) × 10 11 M �(Vasiliev, Belokurov & Erkal 2021 ). We
xplore the LMC mass range of (0.01–4) × 10 11 M �, where the
owest limit LMC mass aimed to test a lack of the LMC-induced
erturbation on the line-of-sight kinematics of the MW satellites. 
In the orbit integration, the MW galaxy is represented by a multi-

omponent composite potential model, including a spherical DM

art/stad757_f7.eps
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alo, stellar bulge, and thin and thick stellar discs with parameters 
dopted from McMillan ( 2017 ). Therefore, in our calculations, both 
he LMC and the MW galaxies are represented by the potentials, 
hile the satellite galaxies are considered as massless test particles. 
he backward integration time is taken to be 5 Gyr, which places
 massive LMC well beyond the virial radius of the MW. Finally,
fter subtraction of the MW reflex motion at t = 0, the phase-space
ata about the MW satellites after the forward integration are used 
o calculate the solar apex. 

In Fig. 7 , we show the running solar apex calculated after the
ackw ards-forw ard integration of the MW satellites orbits, assuming 
ifferent masses of the LMC, as indicated in each panel. For
eference, in each panel, we show the observed solar apex as a
olid black line. The shaded area around the lines shows a 1-sigma
catter of the solution based on the kinematics of the MW satellites
 v er the last 0.5 Gyr in the forward integration. One can see that
nce we remo v e the impact of the LMC, the behaviour of the
olar apex changes significantly. In particular, in the models with 
 LMC > 1 . 3 × 10 11 M �, the inner satellites do not any longer show

he observed peculiarity. The solar apex distribution is nearly flat in 
he case of M LMC ≈ 2 × 10 11 M �, which is close to some estimates
f the LMC mass (Kalli v ayalil, v an der Marel & Alcock 2006 ; Besla
t al. 2007 ; Kalli v ayalil et al. 2013 ; Pe ̃ narrubia et al. 2016 ; Erkal et al.
019 ; Erkal & Belokurov 2020 ; Vasiliev et al. 2021 ), implying the
rst-infall scenario for the LMC. Note also that a larger mass of the
MC ( > 2.2 × 10 11 M �) results in a more substantial perturbation of

he MW satellites, which results in the appearance of peculiar apex 
istribution, which, thus, provides a good constrain on the LMC 

ass. 

.2 Tracing the impact of the LMC on the apex in simulations 

n order to understand better the dynamic response of the halo objects
n the passage of the LMC galaxy, we simulate a dynamic evolution
f the MW-type disc galaxy embedded into a massive DM halo with
aking into account a massive object. In particular, we performed 
 set of high-resolution N -body simulations of the MW–LMC-like 
nteractions. The initial conditions for these models are taken from 

ur previous analysis. We use the positions of the MW and the
MC galaxy from the backward integration of the orbits 5 Gyr ago.
ince both galaxies are represented by the analytical potential, we 
sed them to generate the particles’ distribution using the AGAMA 

oftware (Vasiliev 2019 ). In this case, our simulations take into 
ccount the direct effect of the LMC on the halo, as well as the
eflex motion of the MW in response to the LMC. 

In the simulations, the LMC is represented by 10 6 particles, 
hile the MW bulge and stellar thin and thick discs consist of
 × 10 5 each, and the DM halo of the MW is populated by 2 × 10 7 

articles. The latest allows us to trace the details of the kinematic
esponse of the halo populations on the first infall of the LMC.
he simulations were run using our parallel version of the TREE-
RAPE code (Fukushige, Makino & Kawai 2005 ; Khoperskov et al. 
014 ), with multithread usage under the SSE and AVX instructions
roviding us with a good performance and high-precision solutions 
f similar problems (Saburova et al. 2018 ; Khoperskov et al. 2020 ;
hoperskov & Gerhard 2022 ). For the time integration, we used a

eapfrog scheme with a fixed step size of 0.1 Myr. In the simulation,
e adopted the standard opening angle � = 0.5. In total, we run eight

imulations with a different mass of the LMC; however, here, we 
resent a single model with M LMC = 2 × 10 11 M � since it provides 
he best explanation of the observed solar apex behaviour and is also
n agreement with a number of recent works. 
In our model, we do not take into account the population of the
atellite galaxies; ho we v er, the presence of the e xtended liv e DM
alo allows us to use its particles to probe the kinematic response on
he passage of the LMC-like massive satellite. Therefore, to compare 
he impact of the LMC passage with the velocity distribution of the
atellite galaxies in the MW, we use the line-of-sight velocities of
he DM particles. 

First, we take a look on the full-sky perturbation of the MW halo
y the LMC. In Fig. 8 , we show the mean line-of-sight velocity maps
f the halo particles in our simulation at the time when the location
f the LMC-like object corresponds to the present-day parameters. 
e map the mean radial velocity component in several bins of the
alactocentric distance, as it is stated in each panel. In the figure,
e observe a pattern previously reported in several recent works 

Garavito-Camargo et al. 2019 ; Cunningham et al. 2020 ; Erkal,
elokuro v & P arkin 2020 ), which studied the motions of both the
MC and MW with different N -body simulations. In our simulation,

he outer halo shows largely inw ard/outw ard motions relative to the
W mid-plane caused by the outer halo w ak e behind the LMC orbit

Belokurov et al. 2019 ; Conroy et al. 2021 ; Tamfal et al. 2021 ).
o we v er, the v elocity perturbation of the inner ( < 100–120 kpc)
alaxy is very complex and varies strongly with the position in the
ky. 

Since we have all the positions and radial velocities of the
imulated MW halo particles, we calculate the solar apex distribution 
sing all the particles in the halo and, since the radial velocity pattern
s a function of the coordinates ( l , b ), (see Fig. 8 ), we compare it to
he signal based on the particles located in the close proximity of
he MW satellites. In the left-hand panel of Fig. 9 , we show the
olar apex distribution based on the entire halo (blue) and particles
elected in a 5 ◦ circle around the MW satellites in the sky and located
o further than 10 kpc (red). Therefore, for the red curve, we expect
o find behaviour similar to the one we observe in the MW. Ho we ver,
oth curves in the left-hand panel show no signal, suggesting an
sotropic-averaged motion of the halo particles in our model, even in
he presence of the massive LMC. 

It is worth noticing that once we average the kinematic response,
ur results depend on the intrinsic properties of the tracer and
ts ability to ‘feel’ the perturbation of the underlying gravitational 
otential (Erkal et al. 2020 ; Garavito-Camargo et al. 2021 ; Correa
agnus & Vasiliev 2022 ; P a wlowski et al. 2022 ). Therefore, the
M particles in our simulations may not have the same kinematics
roperties’ distribution as we see for the MW satellites. For instance,
n the central panel of Fig. 9 , we show the total angular momentum
istributions ( L ) for the DM particles (blue) and the MW satellites
red). In our case, the DM is dominated by radially hot orbits
ith small angular momentum, while the MW satellites have less 

adial orbits, higher tangential velocities, and, thus, higher angular 
omenta. 
In order to test whether the observed solar apex distribution 

epends on the kinematic properties of the halo tracers, we restrict
ur selection of the DM particles around the MW satellites to the
articles that have a total angular momentum larger than a certain
alue. In the right-hand panel of Fig. 9 , we show the solar apex
alculated for different minimum values of L = 1000, 3000, 5000, and 
000 kpc km s −1 of the DM particles. The selection of tracer particles
ith substantial angular momentum results in high velocities of the 

pex at small Galactocentric distances. Specifically, by choosing DM 

articles with L > 9000 kpc km s −1 , the solar apex radial variations
atch the observed data. This value of the angular momentum cut

llows selecting particles that show the rotation more consistent 
ith the MW satellites (see middle panels of Fig. 9 ). The inner
MNRAS 521, 3540–3552 (2023) 
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Figure 8. Sky projections ( l , b ) of the mean line-of-sight radial velocity of the MW halo particles in the N -body simulations of the MW–LMC interaction. Each 
panel corresponds to the velocity distribution averaged for particles in a given Galactocentric range, as stated in each panel. In this simulation, the total mass of 
the LMC is 2 × 10 11 M �, and its location is shown in the left top panel by the red circle. 

Figure 9. Solar apex calculation based on the halo particles in the N -body simulation of the MW–LMC interaction. Left top: solar apex calculated using all the 
DM particles (blue) and particles that are located around the MW satellites (red). The panel shows no manifestation of the LMC passage in the solar apex despite 
a substantial kinematic response of the halo (see Fig. 8 ). Left bottom: comparison of the total angular momentum distribution of the halo particles in our N -body 
simulation (blue) and the MW satellites (red). The distributions suggest that the MW satellites show significant non-radial motions or their orbits are not radially 
hot, especially in comparison to the DM particles’ N -body simulations. Right: solar apex calculated using particles in the vicinity of the MW satellites also 
selecting particles with a total angular momentum larger than a gi ven v alue. The figure shows that the observed solar apex variations as a function of distance 
are seen among the particles with substantial angular momentum, suggesting a kinematic differentiation of the LMC impact in the MW halo populations. 
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articles ( < 100–120 kpc) show a bulk motion relative to the Sun of
bout 100–150 km s −1 , while the outermost distribution remains flat,
hich reproduces well our Fig. 5 . Therefore, we suggest that since

he MW satellites have substantial angular momentum or they are
ot on hot radial orbits, they are more affected by the LMC-induced
erturbation. 
NRAS 521, 3540–3552 (2023) 
The effect of the differential response of populations with different
inematics on the gravitational potential perturbation, which we
bserve in the halo of the simulated MW, is known in the context
f the stellar dynamics of galactic discs. In particular, Debattista
t al. ( 2017 ) showed that kinematically hot MW disc populations
re less affected by the formation of the MW bulge compared to
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he cold-orbits stars (see also, Fragkoudi et al. 2018 ; Di Matteo
t al. 2019 ). The same process is predicted in the MW disc in the
icinity of the spiral arms (Khoperskov et al. 2018 ) and confirmed by
ecent Gaia data showing the most prominent MW spiral structure 
mong younger and kinematically colder more metal-rich stars 
Khoperskov & Gerhard 2022 ; Poggio et al. 2022 ). Therefore, 
he kinematic properties of the halo tracers play a crucial role in
heir response to the underlying gravitational potential perturbations, 
ncluding the infall of the LMC. 

 SU M M A RY  

n this paper, we have analysed the line-of-sight kinematics of 50 
atellite galaxies of our Galaxy with known radial velocities. We use 
he dipole and quadrupole expansions of the velocity field depending 
n the distance from the MW. The dipole term describes the bulk
otion, mainly determined by the motion of the Sun in the Galaxy,
hile the quadrupole term is related to the tidal interaction. 
The significance of the quadrupole term of the velocity field turns

ut to be less than 3 sigma and is completely determined by the
inematics of the nearest satellites, D MW 

< 30 kpc. It seems natural
hat the kinematics of these six dwarf galaxies are most affected by
idal forces and dynamic friction in the halo of our Galaxy. 

Spatial variations of the running solar apex (dipole term) re- 
eal the difference in the systematic motion of the nearby and 
ar satellites. The solar apex with respect to external satellites at 
istances greater than 100 kpc is ( l, b, V ) = ( −90 ± 14 ◦, −10 . 0 ±
 . 4 ◦, 249 ± 37 km s −1 ). This agrees well with the known motion
f the Sun in the Galaxy (the significance of the deviation is
.7 sigma). Therefore, we can conclude that the external satellites 
how an isotropic distribution of the radial velocities with a net 
ero motion relative to the Centre of the MW and the line-
f-sight dispersion of 84 km s −1 in agreement with the standard 
oncepts of the galaxy group kinematics and the � CDM model 
redictions. 
The behaviour of the internal satellites, at distances less than 

00 kpc, turns out to be more intriguing. The apex amplitude 
etermined with respect to these galaxies reaches 450 ± 54 km s −1 ,
hich significantly exceeds the velocity of the Sun in the Galaxy. 
his corresponds to a prominent ‘motion’ of the MW with a speed
p to 226 ± 50 km s −1 relative to its satellites in direction ( l , b ) =
 + 69 ± 16 ◦, −30 ± 10 ◦). 

On the one hand, the almost perpendicular orientation of the 
elocity dipole to the direction towards the Centre of the Galaxy is
n fa v our of the rotation of the internal subsystem of satellites. This
ehaviour is somewhat similar to the rotation of planar structures 
isco v ered in both the MW and the Andromeda galaxies (Ibata
t al. 2013 ; P a wlowski & Kroupa 2013 ). Ho we v er, the e xtremely
ast rotation would be required to explain the observed dipole. 
ur estimates suggest that the circular velocity should be about 
70 ± 260 km s −1 , which is highly implausible. Therefore, the 
bserved behaviour of the running solar apex cannot be explained 
y taking into account the rotation of the MW satellite galaxies 
nly. 
A more realistic explanation seems to be the coherent motion of

he satellites caused by the first passage of dwarf galaxies into the
alo of the MW. 
The behaviour of the smoothed solar apex suggests that the 

eculiarity of the velocity field of the nearby satellites is closely 
elated to the LMC. The dipole term, additional to the solar apex,
eaches a maximum of 226 ± 50 km s −1 with respect to the layer of
atellites 35 � D MW 

� 80 kpc centred on the LMC. Carina II and
riangulum II make the largest contribution to this extra velocity. It
s worth noting that among the eight galaxies that have the greatest
erturbing effect on the dipole, half are associated with the LMC.
his is the LMC itself and Carina II, Carina III, and Grus II, which
re the members of the LMC group, according to Jethwa et al. ( 2016 )
nd Kalli v ayalil et al. ( 2018 ). This supports the hypothesis that the
ehaviour of the apex is associated with the first flyby of the LMC
roup around the MW and the perturbing effect of the massive LMC
n the kinematics of other satellites. 
Using two different approaches, we showed that the observed 

adial velocity pattern can be explained if the internal satel- 
ites were recently perturbed by a massive LMC. First, by sim-
lating the orbital evolution of the MW satellites backwards 
with LMC) and forward (without LMC), we ‘undo’ the effect 
f the perturbation from the massive LMC. We found that the
ipole component of the velocity vanished for the inner pop- 
lation of the MW satellites if the LMC has a total mass of
2 × 10 11 M �(see Fig. 7 ), implying a genetic link of this kine-
atic feature with the LMC-induced perturbation of the satellites’ 

rbits. 
Second, in the self-consistent high-resolution N -body simulations 

f the MW–LMC interaction, we found that halo tracers (in our case,
M particles) show the observed behaviour of the solar apex once we

elect particles with high angular momentum (see Fig. 9 ). Since the
W satellites exhibit an excess of tangential velocity, and therefore 

 higher angular momentum, they are also more sensitive to the infall
f the massive LMC. 
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Table A1. List of the Milky Way satellites. 

Name R.A. Dec ( m − M ) 0 D V h Reference 	 

J2000.0 mag kpc km s −1 

Tucana IV 0 .73 − 60 .85 18 .41 47 .9 15 .9 + 1 . 8 
−1 . 7 

SMC 13 .1583 − 72 .8002 18 .99 62 .8 158 .0 + 4 . 0 
−4 . 0 Kaisina et al. ( 2012 ) 

Sculptor 15 .0388 − 33 .7090 19 .67 85 .9 111 .4 + 0 . 1 
−0 . 1 

Cetus II 19 .47 − 17 .42 17 .1 26 .3 
Phoenix 27 .7762 − 44 .4447 23 .06 409 .3 − 21 .2 + 1 . 0 

−1 . 0 
DELVE 2 28 .772 − 68 .253 19 .26 Battaglia et al. ( 2022 ) 
Cetus III 31 .3308 − 4 .270 22 .0 251 .2 
Triangulum II 33 .3225 36 .1784 17 .4 30 .2 − 381 .7 + 1 . 1 

−1 . 1 
Segue 2 34 .8167 20 .1753 17 .7 34 .7 − 40 .2 + 0 . 9 

−0 . 9 Pace et al. ( 2022 ) 
Eridanus III 35 .6896 − 52 .2836 19 .7 87 .1 
DES J0225 + 0304 36 .4267 3 .0695 16 .88 23 .8 
Hydrus I 37 .3892 − 79 .3089 17 .2 27 .5 80 .4 + 0 . 6 

−0 . 6 
Fornax 39 .9972 − 34 .4492 20 .84 147 .2 55 .2 + 0 . 1 

−0 . 1 
Horologium I 43 .8820 − 54 .1188 19 .5 79 .4 112 .8 + 2 . 5 

−2 . 6 
Horologium II 49 .1338 − 50 .0181 19 .46 78 .0 168 .7 + 12 . 9 

−12 . 6 
Reticulum II 53 .9256 − 54 .0492 17 .4 30 .2 64 .7 + 1 . 3 

−0 . 8 
Eridanus II 56 .0878 − 43 .5332 22 .9 380 .2 75 .6 + 1 . 3 

−1 . 3 Pace et al. ( 2022 ) 
Reticulum III 56 .36 − 60 .45 19 .81 91 .6 274 .2 + 7 . 5 

−7 . 4 
Pictor I 70 .9475 − 50 .283 20 .3 114 .8 
LMC 80 .8942 − 69 .7561 18 .5 50 .1 278 .0 + 2 . 0 

−2 . 0 Kaisina et al. ( 2012 ) 
Columba I 82 .8570 − 28 .0425 21 .3 182 .0 153 .7 + 5 . 0 

−4 . 8 
Carina 100 .4030 − 50 .9664 20 .11 105 .2 222 .9 + 0 . 1 

−0 . 1 
Pictor II 101 .18 − 59 .897 18 .3 45 .7 
Carina II 114 .1067 − 57 .9992 17 .79 36 .1 477 .2 + 1 . 2 

−1 . 2 
Carina III 114 .6298 − 57 .8997 17 .22 27 .8 284 .6 + 3 . 4 

−3 . 1 
Ursa Major II 132 .8741 63 .1342 17 .5 31 .6 − 116 .5 + 1 . 9 

−1 . 9 
Leo T 143 .7225 17 .0514 23 .1 416 .9 38 .1 + 2 . 0 

−2 . 0 
Antlia II 143 .8868 − 36 .7673 20 .6 131 .8 288 .8 + 0 . 4 

−0 . 4 Ji et al. ( 2021 ) 
Segue 1 151 .7650 16 .0778 16 .8 22 .9 208 .5 + 0 . 9 

−0 . 9 
Leo I 152 .1171 12 .3064 22 .02 253 .5 282 .5 + 0 . 1 

−0 . 1 
Sextans dSph 153 .2624 − 1 .6145 19 .67 85 .9 224 .2 + 0 . 1 

−0 . 1 
Ursa Major I 158 .7033 51 .9350 19 .93 96 .8 − 55 .3 + 1 . 4 

−1 . 4 
Willman 1 162 .3421 51 .0519 17 .9 38 .0 − 12 .8 + 1 . 0 

−1 . 0 Pace et al. ( 2022 ) 
Leo II 168 .3724 22 .1540 21 .84 233 .3 78 .0 + 0 . 1 

−0 . 1 
Leo V 172 .79 2 .22 21 .46 195 .9 170 .9 + 2 . 1 

−1 . 9 Jenkins et al. ( 2021 ) 
Leo IV 173 .2367 − 0 .5300 20 .94 154 .2 132 .3 + 1 . 4 

−1 . 4 
Crater, Laevens 1 174 .0667 − 10 .8776 20 .8 144 .5 149 .3 + 1 . 2 

−1 . 2 Kirby, Simon & Cohen 
( 2015 ) 

Crater II 177 .31 − 18 .413 20 .35 117 .5 89 .3 + 0 . 3 
−0 . 3 Ji et al. ( 2021 ) 

Virgo I 180 .04 − 0 .68 19 .8 91 .2 
Hydra II 185 .4254 − 31 .9853 20 .64 134 .3 303 .1 + 1 . 4 

−1 . 4 
Coma Berenices, 
Coma I 

186 .7434 23 .9117 18 .13 42 .3 98 .1 + 0 . 9 
−0 . 9 

Centaurus I 189 .585 − 40 .902 20 .33 116 .3 
Canes Venatici II 194 .2896 34 .3228 21 .02 160 .0 − 128 .9 + 1 . 2 

−1 . 2 
Canes Venatici I 202 .0123 33 .5558 21 .69 217 .8 30 .9 + 0 . 6 

−0 . 6 
Bootes III 209 .3 26 .8 18 .35 46 .8 197 .5 + 3 . 8 

−3 . 8 Kaisina et al. ( 2012 ) 
Bootes II 209 .5333 12 .8483 18 .1 41 .7 − 117 .0 + 5 . 2 

−5 . 2 
Bootes I 210 .0209 14 .5041 19 .11 66 .4 101 .8 + 0 . 7 

−0 . 7 Pace et al. ( 2022 ) 
Ursa Minor 227 .2854 67 .2225 19 .4 75 .9 − 246 .9 + 0 . 1 

−0 . 1 
Bootes IV 233 .6892 43 .7261 21 .6 208 .9 
Draco II 238 .1983 64 .5653 16 .67 21 .6 − 342 .5 + 1 . 1 

−1 . 2 
DELVE 1 247 .725 − 0 .972 16 .39 19 .0 Mau et al. ( 2020 ) 
Hercules 247 .7650 12 .79 20 .84 147 .2 46 .4 + 1 . 3 

−1 . 3 Gregory et al. ( 2020 ) 
Draco 260 .0557 57 .9271 19 .4 75 .9 − 291 .0 + 0 . 1 

−0 . 1 
Sagittarius dSph 283 .8312 − 30 .5453 17 .1 26 .3 140 .0 + 2 . 0 

−2 . 0 Kaisina et al. ( 2012 ) 
Sagittarius II 298 .1730 − 22 .0651 19 .32 73 .1 − 177 .2 + 0 . 5 

−0 . 6 Longeard et al. ( 2021 ) 
Indus II † 309 .72 − 46 .16 21 .65 213 .8 
Indus I, Kim 2 317 .2082 − 51 .1635 20 .0 100 .0 
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Table A1 – continued 

Name R.A. Dec ( m − M ) 0 D V h Reference 	 

J2000.0 mag kpc km s −1 

Grus II 331 .02 − 46 .44 18 .62 53 .0 − 110 .0 + 0 . 5 
−0 . 5 

Pegasus III 336 .0942 5 .42 21 .56 205 .1 − 222 .9 + 2 . 6 
−2 . 6 

Aquarius II 338 .4813 − 9 .3274 20 .16 107 .6 − 71 .1 + 2 . 5 
−2 . 5 

Tucana II 342 .9796 − 58 .5689 18 .8 57 .5 − 129 .1 + 3 . 5 
−3 . 5 

Grus I 344 .1765 − 50 .1633 20 .4 120 .2 − 140 .5 + 2 . 4 
−1 . 6 

Pisces II 344 .6292 5 .9525 21 .31 182 .8 − 226 .5 + 2 . 7 
−2 . 7 

Tucana V 354 .35 − 63 .27 18 .71 55 .2 − 36 .2 + 2 . 5 
−2 . 2 

Phoenix II 354 .9975 − 54 .406 19 .6 83 .2 32 .4 + 3 . 7 
−3 . 8 

Tucana III 359 .15 − 59 .6 17 .01 25 .2 − 102 .3 + 0 . 4 
−0 . 4 Pace et al. ( 2022 ) 

Notes. 	 Most of the data were taken from McConnachie & Venn ( 2020 ). 
† Probably not a galaxy (Cantu et al. 2021 ). 
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