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A B S T R A C T 

We use the APOSTLE Local Group (LG) cosmological hydrosimulations to examine the properties of ‘backsplash’ galaxies, i.e. 
dwarfs that were within the virial boundaries of the Milky Way (MW) or M31 in the past, but are today outside their virial radius 
( r 200 ). More than half of all dwarfs between 1 and 2 r 200 of each primary are backsplash. More distant backsplash systems, i.e. 
those reaching distances well beyond 2 r 200 , are typically close to apocentre of nearly radial orbits, and, therefore, essentially 

at rest relative to their primary. We use this result to investigate which LG dwarfs beyond ∼500 kpc of either primary could 

be a distant backsplash satellite of MW or M31. Tucana dSph, one of the few known quiescent LG field dwarfs, at d M31 ≈
1350 kpc and d MW 

≈ 880 kpc, is a promising candidate. Tucana’s radial velocity is consistent with being at rest relative to M31. 
Further, Tucana is located close to M33’s orbital plane around M31, and simple orbit integrations indicate that Tucana may have 
been ejected during an early pericentric passage of M33 ∼11 Gyr ago, a timing that approximately coincides with Tucana’s 
last episode of star formation. We suggest that Tucana may have been an early-infalling satellite of M31 or M33, providing a 
compelling explanation for its puzzling lack of gas and ongoing star formation despite its isolated nature. In this scenario, M33 

should have completed some orbits around M31, a result that may help to explain the relative dearth of M33 satellite candidates 
identified so far. 

Key w ords: galaxies: dw arf – galaxies: Local Group – galaxies: individual: M31 – galaxies: individual: Tucana. 
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 I N T RO D U C T I O N  

n the Lambda cold dark matter (LCDM) cosmological paradigm, 
alaxies form at the centre of dark matter haloes that grow hier-
rchically, continuously accreting smaller systems. Of all accreted 
ystems, the most massive ones quickly spiral to the centre and merge
ith the main halo, but lower mass systems may remain in orbit for
 long time and are today identified with satellite galaxies (see e.g.
ang et al. 2011 , and references therein). 
Satellites are strongly affected by their host, both gravitationally, 

s tides gradually pull away matter, and hydrodynamically, as the 
ircumg alactic g as of the primary ram pressure strips away the
aseous envelopes of subhaloes, depriving them of star formation fuel 
nd eventually extinguishing their star formation activity (Tolstoy, 
ill & Tosi 2009 ). 
This scenario leads naturally to differences between the properties 

f satellite galaxies compared with dwarf galaxies of similar mass 
n the field. In particular, it successfully explains the origin of
he environmental dependence of dwarf galaxy types in the Local 
roup (LG): the majority of satellites are quiescent, gas-free dwarf 

pheroidal systems, whereas field dwarfs are typically gas-rich dwarf 
rregulars with ongoing star formation (see e.g. Grebel 1998 ; Weisz 
t al. 2014 ). 
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Given the importance of these environment-driven processes, it is 
mportant to establish how far away from a galaxy they may operate.
arly work on galaxy clusters led to the realization that environmental 
ffects may extend well beyond the nominal virial boundary of a
ystem (Balogh, Navarro & Morris 2000 ), conventionally defined as 
he radius, 1 r 200 , where the circular orbit time-scale is comparable to
he age of the Universe. 

The reasons for the unexpectedly large ‘radius of influence’ of a
rimary system on its associated subsystems are twofold. One reason 
s that many subhalo orbits are fairly radial, and may reach outside the
irial radius during their first trip to apocentre after accretion (Mamon
t al. 2004 ; Gill, Knebe & Gibson 2005 ; Knebe et al. 2011 ). Indeed,
ost subhaloes first accreted 2–3 Gyr ago into a halo like that of

he Milky Way (MW) are expected to be at present outside the virial
adius (Barber et al. 2014 ). These so-called ‘backsplash’ galaxies 
re especially abundant just outside the virial radius, representing a 
raction of that may exceed ∼50 per cent of subhaloes with 1 < d / r 200 

 2.5 (Garrison-Kimmel et al. 2014 ; Simpson et al. 2018 ; Buck et al.
019 ; Applebaum et al. 2021 ; Bakels, Ludlow & Power 2021 ). 
The second reason is that many subhaloes come as members of

irialized groups that are tidally dissociated soon after first infall 
 More precisely, the virial radius is defined as the radius where the mean 
nclosed density equals 200 × the critical density for closure. We shall use 
he subscript ‘200’ to identify quantities measured at or within the virial 
oundary. 

is is an Open Access article distributed under the terms of the Creative 
h permits unrestricted reuse, distribution, and reproduction in any medium, 

http://orcid.org/0000-0001-6054-2897
mailto:isabel.santos@durham.ac.uk
http://creativecommons.org/licenses/by/4.0/


56 I. M. E. Santos-Santos, J. F. Navarro and A. McConnachie 

M

i  

a  

d  

a  

J  

t  

w  

I  

o  

o  

e
 

s  

l  

(  

t  

i  

L
 

1  

c  

t  

H  

t  

r  

M  

F  

d  

K  

o  

C
 

a  

t  

b  

e  

t  

n  

b
 

T  

S  

s  

d  

a  

r  

a
 

t  

r  

S  

t  

d  

o

2

2

T  

t  

r  

o  

w  

(  

d
∼  

1  

c  

M
 

2  

s  

d  

s  

X  

g  

d
 

W  

0  

h

2

H  

f  

l  

a  

D
 

f  

g  

S  

o
 

a  

m  

g  

b  

t  

b  

o

r  

r

2

I  

w  

u  

c  

3  

a
 

p  

2 In this work, we do not distinguish galaxies that are today satellites of one 
of the primaries, but were associated with the other primary at an earlier time 
(see e.g. Newton et al. 2021 ). 
3 see https://www.cadc- ccda.hia- iha.nrc- cnrc.gc.ca/en/community/nearby/, 
and references therein. 
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nto the primary halo. As discussed in detail by Sales et al. ( 2007 )
nd Ludlow et al. ( 2009 ), some subhaloes may gain enough energy
uring the disruption of their group to be expelled much further
way, to distances as far as 5 virial radii or beyond (see also Teyssier,
ohnston & Kuhlen 2012 ). Systems on these extreme orbits are
ypically a small fraction of the low-mass members of the group,
hose heavier members typically stay tightly bound to the primary.

dentifying these ‘extreme backsplash’ cases therefore requires not
nly some evidence for dynamical association, but also the existence
f a more massive ‘parent’ progenitor to help propel them into highly
nergetic orbits. 

In the cosmological context of the LG, the above discussion
uggests the existence of a rare population of low-mass field dwarfs,
ocated f ar aw ay (out to ∼1.5 Mpc) from the MW and Andromeda
M31), but showing properties consistent with satellites of either of
hem, such as lack of ongoing star formation. These galaxies are
ndeed unusual, since most isolated galaxies disco v ered so far in the
G field and beyond are currently star forming (Geha et al. 2012 ). 
To date, the only known examples of field dSph galaxies within

.5 Mpc of the LG mid-point are Cetus, Tucana, and And XVIII,
urrently at ∼755(674), ∼877(1345), and ∼1330(580) kpc from
he MW (M31), respectively (Lavery & Mighell 1992 ; Whiting,
au & Irwin 1999 ; McConnachie et al. 2008 ). All three show little

o no gas content and predominantly old stellar populations formed
oughly ∼9–10 Gyr ago (Castellani, Marconi & Buonanno 1996 ;

onelli et al. 2010a , b ; Makarova et al. 2017 ; Savino et al. 2019 ).
urther away, at ∼2 Mpc, the only other examples of quiescent
warfs known are KKR25 and KKs3 (Karachentsev et al. 2001 ;
arachentse v, Kniaze v & Sharina 2015 ), plus the recent disco v eries
f Tucana B (Sand et al. 2022 ) and COSMOS-dw1 in the COSMOS-
ANDELS field beyond the LG (Polzin et al. 2021 ). 
The origin of isolated dwarf galaxies with no recent star formation

ctivity remains poorly understood, but it has been argued that, in
he case of Cetus and Tucana, they may have resulted from either a
acksplash interaction with the MW (e.g. Sales et al. 2007 ; Fraternali
t al. 2009 ; Teyssier et al. 2012 ) or from ram-pressure stripping with
he cosmic web (e.g. Ben ́ıtez-Llambay et al. 2013 ). More recently, a
o v el proposal associating them with the effects of the photoionizing
ackground has been put forward by Pereira Wilson et al. ( 2022 ). 
We use in this paper distant backsplash dwarfs in the APOS-

LE cosmological hydrodynamical simulations (Fattahi et al. 2016 ;
awala et al. 2016 ) to characterize the kinematic properties of such
ystems in the LG. We focus on seemingly isolated galaxies at
istances larger than ∼500 kpc from the MW and M31, noting
s well that, as reported in earlier work, many dwarfs between
 200 < d < 2 . 5 r 200 (roughly out to ∼500 kpc of the MW or M31)
re indeed backsplash galaxies. 

This paper is organized as follows: In Section 2 , we describe
he APOSTLE simulations and the observational data used. Our
esults on distant backsplash galaxies in APOSTLE are presented in
ection 3.1 . Section 3.2 shows our analysis of LG dwarfs in light of

he simulation results. Finally, in Section 3.3 we focus on the Tucana
Sph and provide evidence supporting a hypothetical backsplash
rigin. Section 4 summarizes our conclusions. 

 M E T H O D S  

.1 Numerical simulations 

he APOSTLE simulations are a set of cosmological volumes chosen
o include two massive primary haloes with masses, relative distance,
elative radial velocity, and surrounding Hubble flow similar to that
NRAS 520, 55–62 (2023) 
bserved for the MW and M31 pair (Fattahi et al. 2016 ). In this work,
e have used four volumes run at the highest resolution in APOSTLE

labelled ‘L1’ level in previous literature). These runs have initial
ark matter and gas particle masses of m DM 

∼ 5 × 10 4 M � and m gas 

1 × 10 4 M �, respectively, and a gravitational softening length of
34 pc at z = 0. The zoom-in region of each APOSTLE volume fully
ontains a sphere of radius r ∼ 3.5 Mpc from the mid-point of the
W and M31 ‘primary’ haloes. 
APOSTLE used the EAGLE galaxy formation code (Crain et al.

015 ; Schaye et al. 2015 ). This model includes subgrid physics pre-
criptions for star formation in gas exceeding a metallicity-dependent
ensity threshold, radiative cooling of gas, stellar feedback (from
tellar winds, radiation pressure, and supernovae), homogeneous
-ray/ultraviolet background radiation, supermassive black hole
rowth, and AGN feedback (the latter have negligible effects on
warf galaxies). 
APOSTLE assumes a flat � CDM cosmological model following
MAP-7 parameters (Komatsu et al. 2011 ): �m 

= 0.272; �� 

=
.728; �bar = 0.0455; H 0 = 100 h km s −1 Mpc −1 ; σ = 0.81; and
 = 0.704. 

.1.1 Simulated galaxies 

aloes and subhaloes in APOSTLE have been identified using the
riends-of-friends group-finding algorithm (Davis et al. 1985 ) (with
inking length equal to 0.2 times the mean interparticle separation)
nd the SUBFIND halo finder (Springel, Yoshida & White 2001 ;
olag et al. 2009 ). 
Simulated galaxies are haloes where star formation has led to the

ormation of a luminous component. In APOSTLE, this restricts
alaxy formation to field haloes more massive than M 200 ∼ 10 9 M �.
atellite galaxies may exist in subhaloes with lower mass, because
f tidal stripping; see for details Fattahi et al. ( 2018 ). 
We shall define galaxies associated with each APOSTLE primary

s those that have been within the virial radius of the primary’s most
assive progenitor at some time during its evolution. Associated

alaxies include satellites (i.e. galaxies within r 200 at z = 0) and
acksplash galaxies (i.e. associated galaxies located today outside
he virial radius of the primary). Backsplash systems were identified
y tracking back in time all galaxies found outside the virial radius
f both main primaries at z = 0. 2 

Each of the main APOSTLE primaries presents halo masses M 200 

anging from 0.78 to 2.05 × 10 12 M �, with primary–secondary mass
atios in the range of ∼0.33–0.96. 

.2 Obser v ational data 

n this work, we consider the currently known LG dwarf galaxies
ithin ∼1.5 Mpc of the mid-point between the MW and M31. We
se the latest position and velocity data in the McConnachie ( 2012 )
ompilation of nearby galaxies. 3 We refer to dwarf galaxies within
00 kpc of the MW or M31 as ‘satellites’ of that primary; the rest
re considered ‘isolated’ or ‘field’ dwarfs. 

For M31 and its satellite M33 (i.e. Triangulum), we adopt the
ositions and velocities derived from the combined Gaia DR2 and

https://www.cadc-ccda.hia-iha.nrc-cnrc.gc.ca/en/community/nearby/
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Table 1. Observational data used in this work for M31, M33, and Tucana. Columns show right ascension 
and declination, distance from the Sun, heliocentric line-of-sight velocity, and proper motions. References: 
McConnachie ( 2012 ) and van der Marel et al. ( 2012 , 2019 ). In red are our predicted proper motions for Tucana 
if it is a backsplash galaxy of M31, computed by assuming it is at rest with respect to M31 (see Section 3.3 ). 

Galaxy RA (deg) Dec. (deg) D � (kpc) V hel (km s −1 ) μRA ∗ (mas yr −1 ) μDec. (mas yr −1 ) 

M31 10.684 41.269 770 ± 40 −301 ± 1 0.049 ± 0.011 −0.038 ± 0.011 
M33 23.462 30.660 794 ± 23 −180 ± 1 0.024 ± 0.007 0.003 ± 0.008 
Tucana 340.456 −64.419 887 ± 50 194 ± 4.3 0.0206 −0.0754 

Table 2. Galactocentric position and velocities for M31, M33, and Tucana derived from data in Table 1 . 

Galaxy X (kpc) Y (kpc) Z (kpc) V rad or V GSR (km s −1 ) V X (km s −1 ) V Y (km s −1 ) V Z (km s −1 ) 

M31 −378.95 612.66 −283.12 −108.91 34.99 −123.82 −17.02 
M33 −476.09 491.06 −412.86 −35.17 44.34 90.95 125.10 
Tucana 470.99 −652.71 −362.36 91.42 – – –
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Figure 1. Radial velocity versus distance for galaxies in the APOSTLE LG 

simulations in the reference frame of one of its primaries. Results for all eight 
primaries are stacked. Associated galaxies are shown in red, being either 
satellites (i.e. within r 200 , smaller circles) or backsplash galaxies (i.e. outside 
r 200 , larger circles). Field dwarfs not associated with the primary are shown 
as open grey circles. Satellites of the other primary in the volume are shown 
as small grey dots. For reference, a vertical grey band indicates the 10–90 
percentile range of r 200 values for all eight APOSTLE primaries. The ±1 σ
radial velocity dispersion of associated galaxies as a function of distance is 
shown with a red shaded area. The radial distance to the second primary in 
each APOSTLE volume, r P2 , is marked with an arrow for reference. An upper 
auxiliary panel indicates the average fraction of associated galaxies, over all 
galaxies in the volume, as a function of radial distance from the primary. 

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/520/1/55/6986280 by U
niversity of D

urham
 user on 02 M

arch 2023
ubble Space Telescope ( HST ) proper motions by van der Marel
t al. ( 2019 ). 

Galactocentric positions and v elocities hav e been computed as- 
uming a Galactocentric distance for the Sun of R � = 8.29 kpc, a
eculiar velocity with respect to the local standard of rest (LSR) of
 U �, V �, W �) = (11.1, 12.24, 7.25) km s −1 (Sch ̈onrich, Binney &
ehnen 2010 ), and a circular velocity for the LSR of V 0 = 239 km s −1 

McMillan 2011 ). 
We make use of updated Gaia EDR3 systemic proper motions for

 set of distant LG dwarf galaxies for which such data have been mea-
ured (McConnachie et al. 2021 ). For dwarfs without proper motion 
easurements, we convert the heliocentric line-of-sight velocities to 

he Galactic standard of rest (GSR) as � V GSR = 

� V hel + 

� V �, proj , where 
� 
 �, proj is the projection of the Sun’s motion ( � V 0 + 

� V pec ) along the
alactocentric radial direction to the dwarf galaxy. 
Tables 1 and 2 present the specific data values used for M31, M33,

nd Tucana, the objects which we will focus on later in the paper
see Section 3.3 ). 4 

 RESULTS  

.1 Backsplash galaxies in APOSTLE 

ig. 1 shows the radial v elocity v ersus distance from the primary for
ll galaxies identified in the four APOSTLE high-resolution volumes 
tudied. This figure is centred on each of the eight available primaries
nd shows a stack of all luminous galaxies in each of the simulated
olumes. 

‘Associated’ galaxies are shown in red, being either satellites 
small circles) or backsplash galaxies (big circles with black edges). 
 vertical shaded area delimits the 10–90 percentile range of r 200 

alues for the eight primaries, 196–261 kpc, which separates the 
 v erall satellite and backsplash populations. 
‘Isolated’ dwarfs are shown as grey open circles. Note that because 

f the binary nature of the LG, some of the isolated galaxies could
e backsplash galaxies of the other primary in the same volume. For
eference, the radial distance to the other primary, r P2 , is marked with
n arrow. 

We find an average of ∼43 satellites and ∼9 backsplash per pri-
ary, down to a limit of one star particle, or roughly M ∗ ∼ 10 4 M �.
 See also Taibi et al. ( 2020 ) and Savino et al. ( 2022 ). Note that none of our 
onclusions are changed by using these alternative data values. 

T  

a
s  

b  

i

his is best regarded as a lower limit, as the raw number is very likely
ffected by numerical limitations. There are actually more associated 
ubhaloes outside than inside the virial radius (Ludlow et al. 2009 ),
ut the vast majority of them are low-mass subhaloes without stars
n them. 
MNRAS 520, 55–62 (2023) 
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M

Figure 2. Distances to MW and M31 for LG dwarfs within 1.5 Mpc of its 
mid-point. MW satellites are shown with star symbols, M31 satellites as ‘x’ 
symbols, and field dwarfs as circles with labels. Objects within 500 kpc of 
either primary are coloured (cyan for the MW and red for M31). Some field 
galaxies outside 500 kpc are coloured as well, according to radial velocity 
criteria introduced in Fig. 3 that identifies them as backsplash candidates of 
primary. 
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The upper panel in Fig. 1 shows the fraction of associated
alaxies o v er all dwarfs in the simulated LG, as a function of radial
istance from the primary. In APOSTLE, more than > 80 per cent
50 per cent ) of dwarfs within 300 (400) kpc of a primary are
ssociated with it, emphasizing that the virial radius does not
epresent a true physical boundary separating objects that have or
ave not been influenced dynamically by the primary. At 550 kpc,
nly 25 per cent of dwarfs are associated; at 700 kpc, fewer than
0 per cent are. The furthest backsplash case we find is at a distance
f ∼1.2 Mpc from its primary, roughly 6 × r 200 . 
How can some backsplash galaxies reach such large distances

 ∼1 Mpc) from the primary? As explained in Sales et al. ( 2007 ) and
eveloped further by Ludlow et al. ( 2009 ), low-mass galaxies can be
jected out to large distances during the tidal dissociation of groups
f dwarfs during their first infall. The tides induce the formation of
wo ‘tails’ of subhaloes as the group disrupts: one that loses and
nother one that gains orbital energy during disruption (see e.g. fig. 4
f Ludlow et al. 2009 ). The subhaloes carried away in the latter tail
an sometimes reach very large distances, and formally even ‘escape’
he primary . Typically , the lowest mass and least bound subhaloes in
he group are the ones more susceptible to being propelled to extreme
rbits. 
As may be expected, distant associated galaxies are close to the

pocentre of their orbits, and are thus basically at rest with the
rimary. This is seen in Fig. 1 , which shows that the radial velocities
f very distant backsplash systems, which are on nearly radial orbits,
ecrease systematically with increasing distance, approaching zero
or the most distant ones. (The red shaded region in Fig. 1 shows
he radial velocity dispersion of associated systems as a function of
istance.) On the other hand, at similar distances, the radial velocities
f other, unassociated dwarfs in the LG span a wide range of values.
This result suggests that a low relative velocity may in principle be

sed as a robust criterion to identify candidate ‘extreme backsplash’
NRAS 520, 55–62 (2023) 
alaxies (i.e. those located at d > 2–3 r 200 ) associated with a
iven primary. We use this finding next to identify galaxies in
he LG that may have been previously associated with the MW
r M31. 

.2 Distant backsplash candidates in the Local Group 

ig. 2 shows the radial distance to the MW versus the radial distance
o M31, for observed LG dwarf galaxies within ∼1.5 Mpc from the
G mid-point. 
The shaded areas in Fig. 2 highlight distances within 500 kpc of the
W (cyan) or M31 (red). Objects within these boundaries are likely

ssociated with that primary, and are coloured accordingly. In each
ase, this includes the satellites (i.e. those with d < 300 kpc, shown
s star symbols for MW satellites or ‘x’ symbols for M31 satellites)
nd dwarfs with 300 < d /kpc < 500 that, according to APOSTLE,
ave fairly high probability of being backsplash galaxies, shown as
ircles. One galaxy, And XVI, o v erlaps both samples as it is located
t r MW 

= 450 kpc and r M31 = 310 kpc. We assume it is associated
ith M31, to which it is closer. 
Eight dwarf galaxies are at larger distances (i.e. Aquarius, Cetus,

C1613, LeoA, Sagittarius dIrr, Tucana, UGC4879, and WLM), and
e will consider them as potential distant backsplash candidates for

he rest of our study. 
Any galaxy from this subsample that is a backsplash of the MW

r of M31 should be essentially at rest relative to its primary. We
llustrate this idea in Fig. 3 . This figure shows the Galactocentric
adial velocity of each of these galaxies ( V rad ) versus the Galacto-
entric radial velocity they would have if they were at rest relative to
31 ( V pred ). Note that we only use the radial velocity component in

his diagnostic because proper motions for most distant dwarfs are
nknown. 
To compute V pred , we simply assume that, relative to the MW,

he three-dimensional (3D) velocity vector of the dwarf galaxy is the
ame as that of M31, and project accordingly. V pred for a certain dwarf
s thus calculated by projecting M31’s Galactocentric 3D velocity
ector along the MW-dwarf radial direction as 

 pred = 

� V M31 , MW 

· � r dwf, MW 

| � r dwf, MW 

| . (1) 

A cyan shaded area indicates a region of ±1 σ rad around V rad =
 km s −1 on the y -axis, where σ rad = ±29 km s −1 , the radial velocity
ispersion of distant ( d > 500 kpc) backsplash systems in APOSTLE
see Fig. 1 ). 

Dwarfs in the cyan area are compatible with being backsplash
alaxies of the MW and have been coloured in cyan. Alternatively,
w arfs f alling in the red shaded area around the 1:1 line – with a width
lso equal to ±1 σ rad – have observed radial velocities compatible
ith being backsplash galaxies of M31 and are coloured in red. 
For reference, M31 and M33 (Triangulum) are shown as grey

quares. M31 falls exactly on the 1:1 line by construction. Error
ars correspond to the minimum and maximum V pred obtained when
onsidering the uncertainties in M31’s proper motion data. 

Six out of eight dwarfs are plausible backsplash candidates accord-
ng to this criterion. UGC4879, Sagittarius dIrr, Aquarius, and Cetus
ould have been associated with the MW. The last three, plus possibly
eo A, are also compatible with being backsplash candidates of M31.
he Tucana dSph, on the other hand, stands out as a clear M31 distant
acksplash candidate, with a Galactocentric radial velocity in very
lose agreement with that expected for an object at rest relative to
31. 

art/stad085_f2.eps
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Figure 3. Observed Galactocentric radial velocity versus that predicted if the galaxy was at rest with respect to M31. Only LG field galaxies within 1.5 Mpc 
from the LG’s mid-point and outside 500 kpc of the MW and M31 are considered. The cyan and red shaded bands mark an area of ±1 σ in V rad , as measured for 
distant backsplash galaxies from the APOSTLE LG simulations (see Fig. 1 ). Galaxies within the horizontal cyan band present radial velocities compatible with 
being backsplash galaxies of the MW. Galaxies within the red diagonal band present radial velocities compatible with being backsplash galaxies of M31. The 
dotted line marks the 1:1 correspondence. Error bars indicate the minimum and maximum ‘predicted’ V rad values when considering the uncertainties in M31’s 
proper motion data. For reference, M33 and M31 are shown as grey squares. 
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.3 Cetus and Tucana as distant backsplash candidates 

he case of Cetus and Tucana as backsplash candidates is of particu-
ar interest given that they are two of the few LG field dSphs. Because
f their low gas content, as well as their predominantly old stellar
opulations, these systems resemble MW or M31 satellites rather 
han field dwarfs (Fraternali et al. 2009 ; Monelli et al. 2010a , b ), and
t is therefore tempting to associate them with backsplash systems. 

Are there any other further hints that Tucana or Cetus may actually
e distant backsplash systems? Both seem to satisfy the low radial 
elocity dispersion criterion (see Fig. 3 ), but so do several other
istant LG dwarfs. As discussed in Section 1 , further evidence for
 backsplash origin may include the identification of a plausible 
parent’ satellite system whose tidal dissolution may have expelled 
he dSph. Both the MW and M31 have satellites massive enough 
o be plausible parents of either Tucana or Cetus, in particular, the

agellanic Clouds in the case of the MW and the Triangulum galaxy
M33) in the case of M31. 

For the clouds, there is now robust evidence that they are just
ast the first pericentric approach of their orbit around the MW 

Besla et al. 2012 ; Kalli v ayalil et al. 2013 ). This disfa v ours them
s possible parents of distant backsplash systems, as these objects 
re ejected after a pericentric passage, and they would require 
everal Gyrs to travel to their current location. A similar reasoning 
isfa v ours the Sagittarius dSph as a potential parent, since the latest
rbital modelling suggests that Sagittarius first approach to the MW 

appened only ∼5–6 Gyr ago (Laporte et al. 2018 ). As we shall see
elow, reaching the large distances of Cetus and Tucana requires that
he ejection must have occurred much earlier than that. 

It is in principle possible that a massive progenitor could have
erged with the central galaxy soon after pericentre, but there is little

vidence that the MW has undergone a substantial merger in the re-
ent past. The lack of an obvious parent system therefore suggests that
one of the MW distant backsplash candidates in Fig. 3 (i.e. those in
he cyan band) have actually been associated with the MW in the past.

Could some of the distant candidates be associated with the 
ccretion of M33 into M31? Since proper motions and radial 
elocities are available for both of these systems, it is possible to
stimate the 3D relative velocity of the M31–M33 pair using the
ata compiled in Table 1 . The resulting velocity, V M31 –M33 ∼ 258
m s −1 , is not much higher than the rotation speed of M31 ( V max ∼
26 km s −1 ; Carignan et al. 2006 ) and likely well below the M31
scape velocity at M33’s location. M33 is thus likely to be on a fairly
ound orbit and may have completed a few pericentric passages in
he past (see e.g. McConnachie et al. 2009 ; Patel, Besla & Sohn
017 ; van der Marel et al. 2019 ), making it a plausible ‘parent’ for
acksplash systems. 
We investigate further a possible connection between the distant 

G dwarfs and the M31–M33 pair in Fig. 4 , where we show, in an
itoff projection, the position of various LG galaxies in an M31-

entric reference frame. We choose the ‘equatorial plane’ of the 
rojection ( b = 0 ◦) to coincide with the MW plane and the N–S
irection of the polar axis so that MW is in the Northern hemisphere
MNRAS 520, 55–62 (2023) 
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M

Figure 4. Left: Aitoff sky projection of the LG dwarf galaxies in a reference system centred on M31 and oriented such that latitude b = 0 ◦ is aligned with the 
MW’s disc. MW satellites are shown as star symbols, M31 satellites are shown as ‘x’ symbols, and field dwarfs within 1.4 Mpc of the LG are shown as circles. 
Dwarfs shown in colour are distant backsplash candidates of the MW (cyan) or M31 (red). A thick grey line marks the MW’s orbital plane, whereas a thick red 
line marks M33’s orbital plane around M31. A red shade indicates the uncertainty on this orbital plane as inferred from M33’s proper motion errors. Tucana lies 
very close to M33’s orbital plane. Right: 3D distances from LG dwarfs to the orbital plane of M33 around M31, versus their distances to M31. Error bars show 

±1 σ uncertainties in the distances to M33’s orbital plane, computed by randomly sampling M33’s proper motion, including errors. 
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Figure 5. Orbits of the Tucana and M33 dwarfs around M31, approximating 
M31’s potential by an NFW potential with M 200 = 2.8(3) × 10 12 M � [shown 
in solid (dashed) linestyles]. We assume that Tucana is at present at the 
apocentre of a radial orbit around M31. For M33, we employ its actual 
3D velocity as derived from current observational data (see Table 2 ). Black 
points mark the dwarfs’ distances at z = 0. The grey data point with error bar 
indicates the observational estimates for star formation cessation in Tucana 
dSph according to Monelli et al. ( 2010b ). Specifically, the error bar spans the 
temporal period between the build-up of 50 –90 per cent of the stellar mass, 
and the point indicates when 70 per cent of the mass was acquired. 
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f the projection. The MW–M31 orbital plane is shown by the thick
re y curv e in Fig. 4 ; the M33 orbital plane around M31, on the other
and, is shown by the thick red curve. 
The latter plane is especially significant, since we would expect

ystems that may have been expelled during the accretion of M33
nto M31 to share the same orbital plane of the main progenitor and
o remain close to it after ejection (see e.g. Sales et al. 2011 ; Santos-
antos et al. 2021 ). This reasoning singles out the Tucana dSph in
ig. 4 as the most promising candidate of them all. Indeed, Tucana is
nly 6.6 ◦ ( < 150 kpc) away from the M33 orbital plane, which is only
bout a tenth of its current distance from M31 (see the right-hand
anel of Fig. 4 ). 

This could be, of course, just an extraordinary coincidence, but
t moti v ates us to examine further a potential association between
ucana and M33/M31. A powerful extra constraint may be placed
y requiring that the ‘flight time’ from M31 to Tucana’s present
ocation is shorter than the Hubble time. We may estimate this by
ssuming that Tucana is a test particle presently at the apocentre
f a nearly radial orbit, and integrating backwards in time to find
hen it was propelled into such orbit. The estimate requires an

ssumption for the gravitational potential of M31, for which we
dopt a standard NFW halo (Navarro, Frenk & White 1997 ) with a
irial mass M 200 = 3 × 10 12 M � (van der Marel et al. 2012 ; Fardal
t al. 2013 , about three times more massive than the MW according
o most current estimates, Deason, Belokurov & Sanders 2019 ) and
oncentration c = 7.8, following Ludlow et al. ( 2016 ). 5 

The orbit of Tucana, under these assumptions, is shown by the
olid green curve in Fig. 5 . The dashed green curve assumes a
ifferent M 200 of 2 . 8 × 10 12 M �, and is included just to illustrate the
ensitivity of this result to variations in M31’s assumed virial mass.
or these choices, we see that Tucana could reach its present location

f it was ejected from M31 roughly 11 Gyr ago. Remarkably, this
NRAS 520, 55–62 (2023) 

 We choose such a set-up for simplicity, as it is enough for our purposes 
ere, but acknowledge that the actual orbits of Tucana and M33 would look 
ifferently in detail when including a proper treatment for dynamical friction, 
he evolution of M31’s potential, and the influence of an evolving cosmic web 
t early times. 

M
 

i  

b  

i  

∼  

w  
oughly coincides with the time when Tucana ceased forming stars,
ccording to detailed modelling of its star formation history by
onelli et al. ( 2010b ). 
Finally, we may also integrate M33’s orbit backwards assuming it

s a test particle within the same M31 potential. The results are shown
y the red curves in Fig. 5 , and suggest a further coincidence. M33
s today approaching M31 on an orbit with a radial period of roughly

5 Gyr. This places M33 near orbital pericentre at about the time
hen Tucana may have been propelled into its highly energetic orbit.

art/stad085_f4.eps
art/stad085_f5.eps


Tucana dSph 61 

a  

w  

h  

p  

(  

M  

u  

i
f  

d  

t  

t

c
f
a
M

 

r  

f  

o  

M
p
i  

i
m

 

t
b
e  

i  

b

3

W  

o
G
c
s  

o
t  

t  

L  

e
b  

h  

 

e  

b  

a
s
i  

e  

p
m

6

a
(
W

t  

s  

f  

a

T  

t  

p
s
M

4

W
i
p  

d  

w  

o  

i

d  

(  

d
i  

A

o  

i  

a  

t
b

 

d  

p
M  

C  

c
 

t  

A
a  

t
 

o  

p  

l  

T  

p
v  

d
a  

e  

d

s  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/520/1/55/6986280 by U
niversity of D

urham
 user on 02 M

arch 2023
We note that this timing coincidence depends sensitively on the 
ssumed M31’s mass, and would be much less compelling if M31’s
 as, for example, tw o times more (or less) massive than assumed
ere. Indeed, for a virial mass as low as ∼10 12 M �, M33’s orbital
eriod would be so long that it could be on its first infall into M31
e.g. Patel et al. 2017 ). A virial mass that lo w, ho we ver, w ould mak e

31’s halo comparable to that of the MW, which we find rather
nlikely given its much larger stellar mass. Note as well that our M33
ntegration assumes a static, spherical potential with no dynamical 
riction, so the timing coincidence highlighted abo v e may very well
isappear upon more detailed scrutiny. Our main result, ho we ver (i.e.
hat there is enough time within a Hubble time for Tucana to travel
o its current radial distance from M31), remains valid. 

In summary, we believe that the sum of all these potential 
oincidences (radial velocity, planar alignment, flight time and star 
ormation cessation, and concurrent pericentric passage) adds up to 
 credible case for a true physical association between Tucana and 
31/M33. 
Although it may be difficult to pro v e such association beyond

easonable doubt, it is important to identify what data may, in the
uture, be used to validate or falsify this scenario. Tighter constraints
n M31’s virial mass, together with impro v ed estimates of M31 and
33’s proper motions, could help, as would estimates of Tucana’s 

roper motion. Indeed, the backsplash scenario posits that Tucana 
s essentially at rest relative to M31, which allows us to predict
ts proper motion: μRA ∗ = 0.0206 mas yr −1 and μDec. = −0.0754 
as yr −1 , respectively. 
Due to Tucana’s large distance and lack of bright supergiant stars,

his measurement is probably beyond the reach of the Gaia satellite, 
ut it might be possible with HST and/or JWST (see McConnachie 
t al. 2021 , and references therein). Confirming that Tucana is
ndeed at rest relative to M31 would provide strong support for the
acksplash origin envisioned here. 

.4 Tucana dSph as a satellite of M33 

e briefly discuss here the idea of Tucana as an ejected satellite
f M33 in the context of M33’s predicted satellite population. 
iven M33’s high stellar mass and implied halo mass, hierarchical 

lustering in LCDM predicts that it should have its own luminous 
atellites. The satellite mass function (SMF) of dwarf galaxies is still
bservationally unconstrained. None the less, one can utilize that of 
he MW – which is well known down to M ∗ ≈ 10 5 M � – together with
he assumption that the SMF is scale free (similarly to the underlying
CDM subhalo mass function; Sales et al. 2013 ), to quantify M33’s
xpected satellite population. Considering the ratio of stellar masses 
etween Tucana and M33, 6 this e x ercise yields that M33 may have
arboured up to ∼5 satellites with masses larger than that of Tucana.
As most likely the SMF is not scale free and self-similar (see

.g. Santos-Santos et al. 2022 ), the actual number could in principle
e lower. Indeed, the only example of a galaxy of similar mass
s M33 with observed satellite candidates is the LMC, for which 
imulations and current observational data constraints indicate that 
t may host up to three satellites with M ∗ > M 

Tuc 
∗ (see Santos-Santos

t al. 2021 ). Given that the LMC is now at first infall, this number
robably represents the total number of original satellites of that 
ass expected around the LMC, since there has not been enough 
 We adopt M 

Tuc ∗ = 5 . 6 × 10 6 M � and M 

M33 ∗ = 2 × 10 9 M �, computed by 
pplying a mass-to-light ratio to the V -band luminosities in McConnachie 
 2012 )’s data base. We assumed M ∗/ L V = 1 for Tuc and 0.7 for M33 (see 

oo, Courteau & Dekel 2008 ). 

o  

t  

M  

m
s
o

ime for MW tidal effects to disperse their orbits. If, following the
cenario we propose here, M33 was accreted by M31 long ago, even
ewer satellites of M33 should remain at z = 0 due to tidal stripping
fter subsequent pericentric passages (see Patel et al. 2018 ). 

Therefore, a natural consequence of our proposed scenario for 
ucana as a backsplash of an early-infalling M33 on to M31 is

hat M33 is likely to have lost its satellite population by now. This
rediction agrees with the current observational data where only one 
atellite candidate is found within ∼100 kpc around M33 (AndXXII; 

artin et al. 2009 ). 

 SUMMARY  

e have used the APOSTLE cosmological simulations to character- 
ze the population of galaxies dynamically associated with the two 
rimary galaxies (MW and M31) of the LG. ‘Associated’ systems are
efined as those that have been, at some time during their evolution,
ithin the virial radius of one of the primaries. Associated galaxies
utside the virial radius at z = 0 are denoted as ‘backsplash’; those
nside r 200 are defined as ‘satellites’. 

The fraction of dwarfs associated with a primary in APOSTLE 

rops quickly outside its virial radius, from ∼50 per cent at 400 kpc
roughly 2 × r 200 ) to roughly 10 per cent at 600 kpc. The most
istant backsplash galaxy in all four APOSTLE volumes analysed 
s located at ∼1.2 Mpc, roughly 6 × the average virial radius of
POSTLE primaries. 
Distant backsplash galaxies originate during the tidal disruption 

f an accreted ‘parent’ group of dwarfs, when they are propelled
nto highly energetic orbits. Today, they are found mainly close to
pocentre of nearly radial orbits (i.e. essentially at rest) relative to
heir primaries, with a radial velocity dispersion of only ±29 km s −1 

eyond ∼600 kpc. 
We use this feature to examine which, if any, of the isolated LG

warfs could be a distant backsplash of the MW or M31. We focus, in
articular, on M31 backsplash candidates linked to the accretion of 
33, given the lack of obvious ‘parent’ in the MW. (The Magellanic
louds are at present on first approach, and therefore could not have
aused backsplash systems as distant as the ones we examine here.) 

There are at present eight LG dwarfs known outside 500 kpc from
he MW and M31 and within ∼1.5 Mpc from the LG mid-point:
quarius, Cetus, IC1613, LeoA, Sagittarius dIrr, Tucana, UGC4879, 

nd WLM. Several of these have low relative radial velocities relative
o M31, but one of them stands out: the Tucana dSph. 

Tucana appears to be not only at rest relative to M31 in terms
f its radial velocity, but it also lies almost perfectly on the orbital
lane of M33 around M31. Further, its flight time to its present
ocation is roughly ∼10 Gyr, which coincides with the time when
ucana ceased forming stars. It also coincides with one of the
revious M33 pericentric passages around M31, assuming that M31’s 
irial mass is ∼3 × 10 12 M �. Each of these ‘coincidences’ could be
ismissed individually, but, taken together, we believe that they make 
 compelling case for identifying Tucana with a former satellite of
ither M31 or M33 that was ejected from the M31 system, likely
uring M33’s first infall. 
Further support for this scenario could come from tighter con- 

traints on the kinematics of M31 and M33 or on the virial mass
f M31, or from a measurement of Tucana’s proper motion. For
his scenario to work, Tucana must be nearly at rest relative to

31, which allows us to predict its proper motion: μRA ∗ = 0.0206
as yr −1 and μDec. = −0.0754 mas yr −1 , respectively. Confirming 

uch prediction would provide strong evidence for the backsplash 
rigin of the Tucana dSph we propose here. 
MNRAS 520, 55–62 (2023) 
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