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ABSTRACT

The mass distribution in the Local Group (LG), dominated by the Andromeda (M31) and Milky Way (MW) pair, is highly
anisotropic. We use the APOSTLE simulations to examine how this anisotropy manifests on the spatial distribution and
kinematics of dwarf galaxies out to a distance of dyyw ~ 3 Mpc from the MW. The simulations indicate a preference for dwarfs
to be located near the axis defined by the MW-M31 direction, even for dwarfs in the LG periphery (LGP; i.e. at distances
1.25 < dyw/Mpc < 3). The ‘Hubble flow’ in the periphery is also affected; at fixed dyw the mean recession speed, (Viua),
varies with angular distance to M31, peaking in the anti-M31 direction and reaching a minimum behind M31. The M31-MW
mass decelerates the local expansion; the LG ‘turnaround radius’ (i.e. where (V,,4) = 0) in APOSTLE is at r ~ 1.25 Mpc from
the LG barycentre and the pure Hubble flow (where (Viaq) ~ Hp * d) is reached beyond » ~ 3 Mpc. The predicted flow is very
cold, with a barycentric dispersion of < 40kms~!. Comparing these predictions with observations yields mixed results. There
is little evidence for a preferred alignment of dwarfs along the MW-M31 direction, but some evidence for an angular anisotropy
in (Viaq). Although the ‘coldness’ of the Hubble flow is consistent with the simulations, it is less decelerated: relative to the MW
all galaxies beyond dyiw ~ 1.25 Mpc seem to be already on a pure Hubble flow. We argue that these oddities may result at least

partly from incompleteness and inhomogeneous sky coverage in our current inventory of nearby dwarfs.
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1 INTRODUCTION

In the Lambda Cold Dark Matter cosmogony (LCDM), the current
paradigm for structure formation, the Local Group (LG) of galaxies
is thought to arise as two relatively isolated massive dark matter
haloes, the hosts of the Milky Way (MW) and the Andromeda (M31)
galaxies, detach from the universal expansion under the influence of
their mutual gravity, turn around, and start heading towards each other
on a nearly radial orbit. Achieving, on first approach, the observed
relative radial velocity (~—109 kms~'; van der Marel et al. 2012) at
the current MW-M31 separation (~770kpc) in roughly 14 Gyr (the
age of the Universe) suggests that the MW-M31 system turned around
a few Gyrs ago after reaching a maximum separation of ~1.1 Mpc
(Fattahi et al. 2016), and that their combined mass is at least a few
times 10> M, (the ‘timing argument’, e.g. Kahn & Woltjer 1959;
Li & White 2008).

Although the combined mass estimate is in reasonable agreement
with current estimates of the MW and M31 virial' masses (see, e.g.
Cautun et al. 2020; Patel & Mandel 2023, and references therein),
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'We define the virial boundary of a system as the radius where the mean
enclosed density is 200x the critical density for closure, and refer to virial
quantities with the subscript 200°.

other features of the LG formation scenario outlined above are
seemingly at odds with LG observations.

For example, relative to the MW, the current LG turnaround radius
(i.e. where the mean recession velocity is (Vi) = 0) should be
substantially farther than 1.1 Mpc, the expected turnaround radius of
M31. Fattahi et al. (2016), for example, estimate that the turnaround
radius at present could be as large as 1.7 Mpc from the MW. Galaxies
just inside that radius should have already turned around, and have
today mainly negative radial velocities. Just outside turnaround,
on the other hand, galaxies should still be receding on average,
but with a substantially decelerated Hubble flow. These two robust
predictions are apparently in contrast with observations: all known
dwarf galaxies beyond dyrw ~ 1.25 Mpc from the MW are receding
from us, following an apparently undecelerated, ‘pure’ Hubble flow.

Before analysing this further, we note that the true boundaries
of the LG are somewhat ill-defined. A common definition, which
we follow here, defines LG galaxies as those within the current
turnaround radius, estimated empirically at around ~1 Mpc from the
MW-M31 barycenter (see; e.g. McConnachie 2012). Galaxies just
outside this radius, although receding from the LG barycenter, may
still be bound to the LG. We shall hereafter refer to galaxies in the
LG periphery, i.e. those at 1.25 < dyw/Mpc < 3, as ‘LGP dwarfs’.

Returning to the apparent disagreements mentioned above, one
reason may be incompleteness in the inventory of dwarfs in the
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LG and its periphery, as well as their patchy distribution across the
volume. Indeed, our inventory of nearby dwarfs is likely woefully
incomplete, as discussed by Fattahi, Navarro & Frenk (2020), who
conclude that as many as ~50 dwarfs as massive as the Draco dwarf
spheroidal could be missing from our current inventory of LG and
LGP members.

This incompleteness should be taken carefully into account when
examining the Hubble flow around the MW, as well as its dispersion.
Because the MW is offset from the LG barycentre, recession
velocities at given distance are expected to depend on sky position,
reaching a maximum in the anti-M31 direction and a minimum
behind M31. (This assumes that the LG effect on the local recession
velocity field is more or less symmetric relative to the LG barycentre,
which should lie somewhere midway between MW and M31.)

Of all 31 known LGP dwarfs only 2 are within 45 deg of M31
and 4 in the opposite anti-M31 direction. Such patchy coverage may
therefore have a strong effect not only on how decelerated the local
Hubble flow may appear, but also on estimates of its dynamical
‘coldness’, an issue that has been discussed quite extensively in
the literature, with conflicting claims (Sandage, Tammann & Hardy
1972; Schlegel et al. 1994; Maccio, Governato & Horellou 2005, and
references therein).

Cosmological simulations that capture the particular dynamical
configuration of the MW and M31 may also offer guidance regarding
where LGP dwarfs missing from our current inventory might be
located. Fattahi et al. (2020), for example, noted that many of them
should be located behind and around M31. This anisotropy suggests
that distant dwarf galaxy searches may be substantially more fruitful
in some regions of the sky relative to others. Indeed, prior work
has suggested that LGP dwarfs should be preferentially aligned with
the MW-M31 axis, where the effects of the quadrupole of the mass
distribution are maximized (Pefarrubia et al. 2014).

Such guidance has already proven useful in the case of the search
for new MW satellites in the vicinity of the Magellanic Clouds.
Indeed, Sales et al. (2011) used cosmological N-body simulations to
predict that the surroundings of the Clouds should ‘prove a fertile
hunting ground for faint, previously unnoticed MW satellites’, a
prediction that became spectacularly true with the discovery of a
number of nearby dwarfs in the DES survey, one of the first to target
large fractions of the southern sky to magnitudes deep enough to
allow for the identification of new MW satellites and LG members
(Bechtol et al. 2015).

We revisit these issues here, using simulations from the APOS-
TLE? project. Our main goal is to characterize expected anisotropies
in the spatial distribution of dwarfs in the LG, with particular
emphasis on the spatial and kinematic properties of the LGP
dwarf population, and to compare them with current observations.
While there has been much discussion in the literature about the
spatial distribution and kinematics of MW and M31 satellites (e.g.
Pawlowski, Kroupa & Jerjen 2013; Santos-Santos, Dominguez-
Tenreiro & Pawlowski 2020; Pawlowski 2021), we focus in this
paper on the larger scale of the LG and its outskirts.

We compare simulations and observations mainly in the MW-
centric frame, since the lack of proper motions for most nearby
dwarfs means that it is not possible to transform accurately their
velocities to an LG-centric frame. This approach differs from that
commonly adopted in earlier work, where LG-centric velocities are
estimated by simply projecting the observed radial velocities on to

2APOSTLE stands for ‘A Project Of Simulating The Local Environment’
(Fattahi et al. 2016; Sawala et al. 2016).
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a frame where the dispersion in the Hubble flow of distant galaxies
is minimized (see; e.g. Karachentsev et al. 2009; Pefiarrubia et al.
2014, and references therein). This approach may introduce biases
not only because it neglects tangential velocities, but also because of
the aforementioned lack of homogeneous spatial coverage in our
current inventory of nearby dwarfs, which may compromise the
minimization procedure.

This paper is organized as follows. Section 2 introduces the
numerical simulations and observational data set of galaxies used.
Section 3.1 quantifies the anisotropies in the spatial distribution of
dwarfs in the APOSTLE simulations, while Section 3.2 examines
anisotropies in the recession speeds of dwarfs, with emphasis on
the deceleration and dispersion of the local Hubble flow. Finally, we
summarize our results and discuss their implications in Section 4.

2 METHODS

2.1 Numerical simulations

We use the APOSTLE project, a suite of ‘zoom-in’ cosmological
hydrodynamical simulations of LG-like environments that include
two primary haloes with masses, relative distances, and relative
radial, and tangential velocities chosen to be roughly consistent with
current observational constraints for the MW-M31 pair (Fattahi et al.
2016).

In this work, we have used the z = 0 outputs of 4 different
APOSTLE volumes from the highest ‘L1’ resolution level, with
initial dark matter and gas particle masses of mgy, ~ 5 x 10* Mg
and mgys ~ 1 x 10* M, respectively, and a gravitational softening
length of 134 pc at z = 0. The average combined virial mass of the
MW and M31 pair is 2.7 x 10'2 Mg, with mass ratios in the range
0.65-0.97. APOSTLE LG masses lie within the broad range of values
allowed by uncertainties in current estimates (~2-5 x 10'2 Mg, see,
e.g. van der Marel et al. 2012; Hartl & Strigari 2022). In each
APOSTLE volume, the zoomed-in region includes a sphere of radius
r ~ 3.5 Mpc around the midpoint of the MW-M31 pair, which is fully
enclosed within the highest resolution volume.

APOSTLE has been run with the EAGLE galaxy formation code
(Crain et al. 2015; Schaye et al. 2015), which includes subgrid
physics prescriptions for radiative cooling of gas, star formation in
gas particles exceeding a metallicity-dependent density threshold,
stellar feedback in the form of stellar winds, radiation pressure
and supernovae, as well as an homogeneous X-ray/UV background
radiation. The model also accounts for supermassive black hole
growth and AGN feedback, but we note that these have negligible
effects in the APOSTLE volume as it is dominated by low-mass,
dwarf galaxies.

The APOSTLE project adopts a flat ACDM cosmological model
with WMAP-7 parameters (Komatsu et al. 2011): @, = 0.272;
Qa = 0.728; Qe = 0.0455; Hy = 100 h km s~ Mpc~';0 = 0.81;
h = 0.704.

2.1.1 Simulated galaxies

APOSTLE haloes were identified using the friends-of-friends (FoF)
group-finding algorithm (Davis et al. 1985) assuming a linking
length of 0.2 times the mean interparticle separation. Self-bound
substructures within FoF groups were then identified using SUBFIND
(Springel, Yoshida & White 2001).

Luminous galaxies form in APOSTLE at the centre of haloes
that exceed a redshift-dependent ‘critical mass’, set by the UV-
ionizing background (Benitez-Llambay & Frenk 2020). Atz = 0 this
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threshold corresponds to a virial mass of My ~ 10° Mg, resolved
with > 2 x 10* dark matter particles in APOSTLE-L1 (Pereira-
Wilson et al. 2023).

Systems with lower-than-critical mass that host a luminous galaxy
are either haloes which were over the critical boundary in the past
but whose recent mass accretion history has been uncharacteristically
slow, or the result of tidal stripping, which may reduce the total dark
matter mass of a system that orbits a more massive host.

In this work, we are mainly interested in nearby ‘field’ dwarfs that
are not satellites of either the MW or M31; i.e. those found at z = 0
outside the virial radii of the two massive APOSTLE primaries, and
within a sphere of radius » ~ 3.5 Mpc from the MW-M31 midpoint.

We shall hereafter refer to luminous galaxies within the virial
radius of either primary as ‘satellites’. To minimize numerical
resolution effects, we shall only use for our analysis galaxies with at
least ~10 star particles, or stellar masses M, > 10° Me.

2.2 Observational data

In this work, we consider all currently known dwarf galaxies within
3 Mpc of the midpoint between the MW and M31. We use position
(RA, dec), distance modulus (m — M) and line-of-sight velocity
data from the latest update of McConnachie (2012)’s Nearby Dwarf
Galaxy Data base and references therein®.

We consider systems within 300 kpc of the MW or M31 as
‘satellites” of that primary, and those further away as ‘field” dwarfs.*
Our total sample consists of 142 dwarfs of which 48 are field galaxies.
To be consistent with the simulation limitations, we also impose a
minimum stellar mass of M, = 10° My,. This cut removes from our
sample only MW satellites, which are not the main focus of our
study, leaving a total of 96 dwarfs.

From the catalogued data, we have computed Galactocentric
positions and radial velocities assuming a Galactocentric distance
for the Sun of Ry = 8.29kpc, a circular velocity for the local
standard of rest (LSR) of V, = 239kms~' (McMillan 2011), and
a peculiar velocity with respect to the LSR of (Ug, Vo, Wp) =
(11.1,12.24,7.25)km s~ (Schoénrich, Binney & Dehnen 2010). The
Galactocentric radial distances and radial velocities calculated in this
work are listed in Table A1.

3 RESULTS

3.1 The spatial distribution of Local Group dwarf galaxies

The left panel of Fig. 1 shows the 3D-positions of APOSTLE
nearby dwarfs (field and satellite galaxies) with stellar masses
M, > 10°Mg. The coordinate system is centred on the smaller
of the two primaries in each volume (we shall refer to it as the ‘MW

3See https://www.cadc-ccda.hia-iha.nrc-cnre.ge.ca/en/community/nearby/.
We use the latest update, from January 2021. The interested reader may
find the list of references corresponding to each measurement for each galaxy
in the file ‘References.dat’.

4This threshold distance of 300kpc, which is used to separate the satellite
regime from the field, corresponds to the virial (r200) radius of a halo with
mass of Magg = 3 x 10'2 M, assuming an NFW density profile. This mass is
somewhat larger than what is usually assumed for the MW, but is commonly
used in the literature. None of our conclusions are qualitatively affected by
this definition.
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analogue’?), with the ‘X’ axis being coincident with the direction
connecting the two primaries. (M31 is thus located on the X-axis at
roughly X ~ 800 kpc.) The plot includes all simulated dwarfs within
aradius of 3.5 Mpc from the LG midpoint of each of the 4 APOSTLE-
L1 volumes, stacked together (i.e. the plot shows four times as many
dwarfs as would be expected in the true LG; the increased number
helps to visualize the 3D structure of the LG).

Galaxies are coloured by the angle, o, between the position of a
galaxy and the direction to the M31 analogue; i.e. the angular distance
between the dwarf and the MW-M31 axis. Systems coloured purple
are those closer than 45° to the direction towards M31, while objects
that are coloured red are those ‘behind’ the MW along the same
axis (135° < a < 180°). For reference, the grey spherical cones in
Fig. 1 highlight the « = 45° and @ = 135° boundaries in the volume.

The spatial distribution of APOSTLE nearby dwarfs is not
isotropic, but clearly elongated, with the majority of objects located
close to the x-axis joining the MW and M31 analogues. This seems
true at all radii, not only for relatively nearby galaxies, which include
the satellites of the main haloes, but also for the more distant LGP
dwarfs far outside their virial radii.

The anisotropic spatial distribution of APOSTLE nearby dwarfs
is quantified in Fig. 2, where we plot the angular distribution of
galaxies on the sky in four different spherical shells centred on the
MW analogue. Each panel shows a histogram of cos(«) for all M, >
10° M, galaxies in a shell.

The top row in Fig. 2 corresponds to the average of 8§ APOSTLE
configurations, two for each APOSTLE volume, alternating the
designation of MW or M31 analogues. This helps to reduce noise
and to characterize more robustly the anisotropic distribution in each
shell.

Light-green histograms in Fig. 2 show results for all galaxies (i.e.
satellites + field), while teal histograms show results considering
only field dwarfs. The first radial bin (shown in the leftmost panels)
is, as expected, dominated by the satellite population of each primary
chosen as centre.

The second radial bin (300 < duw/kpc < 600) is chosen to
exclude most satellites, whereas the third bin includes the majority
of the satellites of the second primary. Note as well that the
second bin includes a high fraction of so-called ‘backsplash’ dwarfs
(> 50 per cent within 2 x ry), 1.e. galaxies found presently outside
the virial radii of a primary but which were in the past inside 0
(see, e.g. Balogh, Navarro & Morris 2000; Gill, Knebe & Gibson
2005; Garrison-Kimmel et al. 2014; Santos-Santos, Navarro &
McConnachie 2023). The final, outermost radial bin (rightmost
panels in Fig. 2, 1.25 < duw/Mpc < 3) includes only LGP field
dwarfs.

A spatially uniform galaxy distribution would show in Fig. 2 as
a constant number of systems as a function of cos(x). Yellow bands
in Fig. 2 show the average distributions (+10) for a sample of Nfeiq
galaxies and 10* random realizations. This is clearly not the case for
APOSTLE dwarfs, which show an excess at cos(o) ~ 1 and cos(a) ~
—1 for all radial shells. The ‘U-shaped’ distributions indicate a clear
preference for dwarfs to align with the MW-M31 axis, a preference
which persists even for LGP dwarfs located as far as 3 Mpc away
from either primary.

Is the same predicted anisotropy observed in our LG? The right-
hand panel of Fig. 1 shows the positions of observed dwarfs in a

5In APOSTLE the less massive of the two halo primaries is usually considered
the MW, although for some of the analysis we shall drop the distinction
between ‘MW’ and ‘M31’ analogues.
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Figure 1. 3D positions of M, > 10° Mg LG dwarf galaxies within a radius of ~3.5Mpc from the LG midpoint. Left: APOSTLE, centred on the MW
analogue: to enhance visually the shape of the spatial distribution, we stack the data from the 4 APOSTLE-L1 volumes. Right: observational data, centred on
the MW. In both panels, the x-axis is aligned with the MW-M31 direction. The MW-M31 direction is emphasized with two black points joined with a line,
representing the MW (at the origin) and M31. Galaxies are coloured according to «, the angular distance between a system and the direction to M31; see
colourbar. Grey spherical cones delineate an aperture of 45° around this axis for reference. Fig. Al shows the corresponding 2D projections for completeness.

reference frame with the MW at the origin. A total of 96 galaxies
with M, > 10° Mg, are known within 3 Mpc from the MW, whereas,
on average, each of the APOSTLE volumes has 176 such galaxies
within the same volume. In other words, APOSTLE predicts that
roughly 80 galaxies as massive as M, > 10°> M, may be currently
missing from our inventory of nearby dwarfs (see also Fattahi et al.
2020). Many of these missing dwarfs are predicted to be in the
outermost radial shell presented in Fig. 2. In this figure, the number
of such galaxies observed in each shell is listed in each panel of the
bottom row of that figure, and may be compared with the average
number of APOSTLE dwarfs quoted in the top row.

Intriguingly, the observed dwarfs in the LG and periphery do
not seem to follow the same anisotropic distribution predicted by
APOSTLE. Indeed, there is little evidence for a preferred alignment
of dwarfs with the axis defined by M31 and the MW; if anything,
the opposite trend appears to prevail, with clear peaks at cos(a) = 0,
both in the satellites of the MW (bottom-left panel of Fig. 2) and in
the LGP dwarfs (bottom-right panel of Fig. 2).

Could the difference be due to small-number statistics, or caused
by incompleteness in our inventory of currently known nearby
dwarfs? The former seems unlikely, as shown by the solid black
histograms in the upper panels of Fig. 2, which indicate the result
of choosing at random in each APOSTLE radial bin only as many
galaxies as are available in the observational sample. The ‘U-shaped’
anisotropy is still clearly noticeable for APOSTLE galaxies but not
in the observations.

We further perform a more direct comparison between the APOS-
TLE and observed distributions (within each radial distance shell)
by means of a K-S test on their respective cumulative distributions
as a function of cos(«). This test is complementary to the histograms
in Fig. 2 as it is independent of the bin size used. The resultant
p-values are quoted in each panel. For the first and second radial
distance shells we obtain ambiguous p-values, likely due to the
low number of observed galaxies (half as many as the average
number in APOSTLE), which prevents us from reaching a more
conclusive result. For the third and forth radial distance shells, where

the samples are larger, the K-S test robustly rejects the hypothesis
that the observed and simulated distributions are drawn from the
same parent distribution at a > 98 per cent confidence level.

If the lack of ‘U-shaped’ anisotropy in the observed dwarfs
is caused by incompleteness, then there should be a number of
undetected dwarfs both behind M31 and in the anti-M31 direction.
We show this in Fig. 3, where the coloured circles in the upper Aitoff
diagram shows the on-sky distribution of APOSTLE field dwarfs
randomly sampled from 8 possible LG configurations, obtained by
alternating the MW and M31 analogues. Filled circles represent
LGP field dwarfs while open circles indicate the rest of field
dwarfs at distances < 1.25Mpc from the primary. The satellites
of each primary are shown by stars but are de-emphasized in this
plot.

The high density of red and purple LG dwarfs is quite clear in
APOSTLE, compared to that of galaxies further away from the MW-
M31 direction: indeed, while the circles around M31 and the anti-
M31 direction cover only 30 per cent of the sky, they contain roughly
57 per cent of all dwarfs within 3.5 Mpc from the LG barycenter (or
54 per cent of all dwarfs in the LGP). In terms of numbers, according
to APOSTLE we would expect to find, on average, 8 LG and 13 LGP
dwarfs in the red circle, and 14 LG and 25 LGP dwarfs in the purple
one, and a total of about 12 LG and 33 LGP dwarfs in other regions
of the sky (note this count is for dwarfs within 3.5 Mpc from the LG
barycentre and with M, > 10° My).

In contrast, there are very few observed LGP dwarfs in the red and
purple areas, as shown in the bottom panel of Fig. 3: only 2 in the M31
direction, and 4 in the anti-M31 direction. One reason for this may
be that imaging surveys have covered the sky unevenly, reducing the
possibility of detecting dwarfs in the M31 and anti-M31 directions.
The ‘zone of avoidance’ (i.e. b < 15°) caused by Galactic disc
obscuration may also play a role: given M31’s low Galactic latitude,
roughly ~39 per cent of the sky with @ < 45° or ¢ > 135°is
obscured by the disc.

The bottom panel of Fig. 3 also suggests that the anti-M31
direction, in particular, might not have been surveyed as deeply as
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Figure 2. Distribution of the (cosine of) angular distances between dwarf galaxies and the direction to the M31 analogue, in concentric spherical shells with
Galactocentric distances as indicated in the upper legend of each panel. Light green histograms show all galaxies (field + satellites) while teal histograms show
only field galaxies. The number of dwarfs considered in each spherical shell is quoted in the panels. Top: APOSTLE dwarf galaxies. We indicate average number
of galaxies, i.e. total normalized by 8, as we consider 8 different LG configurations alternating the MW and M31 identification (see text). The black histogram
indicates the result of using, on average, only as many systems as are actually observed (bottom panels) in each spherical shell. For comparison, yellow bands
in each panel show the mean +1o distributions expected for a spatially uniform distribution of Nfelq galaxies assuming 10* random realizations. Bottom.
observational data. The first shell includes only MW satellites, whereas the third shell includes mainly M31 satellites. The simulations show an excess of objects
along the MW-M31 direction (at cos(er) & 1 and —1); a trend that is not readily seen in the observational data. All dwarfs considered have M, > 10° M. For
completeness, the grey histogram in the first panel for observational data shows results considering all known MW satellites independently of their mass.

other parts of the sky. Indeed, most LGP dwarfs have been found by
visual inspection of photographic plates (see; e.g. Karachentseva &
Karachentsev 1998; Whiting, Hau & Irwin 1999), which suggests
that there is scope for new discoveries with the advent of digital
surveys of the whole sky. The anti-M31 direction is also outside the
footprint of both the Sloan Digital Sky Survey, which covers most
of the northern sky (Willman et al. 2005, SDSS; grey-shaded area),
and of the DES survey (purple contour, Drlica-Wagner et al. 2015),
which has imaged a large fraction of the southern sky. There have
been several surveys in the general direction of M31 (most notably
the PAndAS survey, shown with a cyan contour, Martin et al. 2006;
McConnachie et al. 2009) but they only cover a very small fraction
of the ¢ < 45° area of the sky around M31. Alongside restricted sky
coverage, another limiting factor in observing LG dwarf galaxies is
the variability in detection limits across different sightlines within
the same survey (see e.g. Doliva-Dolinsky et al. 2022, in the case of
the PAndAS survey).

Recently, McNanna et al. (2023) have searched for field dwarfs in
the DES footprint with distances between 300 kpc and 2 Mpc from the
MW. Although their search should detect all M, > 10° M, galaxies
like the ones we study here, they report no new discoveries aside
from the 7 already known dwarfs in that volume. For comparison,
averaging all volumes and various orientations, APOSTLE predicts a
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median number of 3 in that region, with a 10th and 90th percentile of
0 and 8, respectively (and a full range that goes from 0 to 37 dwarfs).
Given the large volume-to-volume scatter in APOSTLE, we find no
obvious conflict between the result of the latest search in the DES
footprint and the results from the simulations.

While in this work, we focus on anisotropies in the spatial
distribution and kinematics of dwarfs in the outskirts of the LG, it is
worth mentioning previous work that has highlighted various spatial
anisotropies in the observed data for satellites, such as the peculiar
positional alignments of subsets of MW and M31 satellites in planes
(see e.g. Pawlowski et al. 2013; Santos-Santos et al. 2020), or the
apparent lopsidedness of the distribution of M31 satellites facing
the MW (Conn et al. 2013). Regarding observed LG field galaxies,
Pawlowski et al. (2013) also suggest the presence of two planes
comprising a subsample of 15 nearby non-satellite galaxies extending
to roughly 2 Mpc. In relation to this, we note that the alignment of
dwarfs along the MW-M31 axis predicted by APOSTLE is not seen
in currently available MW satellite data (see grey histogram in Fig. 2
which considers all known MW satellites). In addition, there is no
clear alignment either along the MW-M31 axis in the sample of 48
field LG dwarfs we considered here.

To summarize, the APOSTLE runs predict a clear anisotropic
distribution for nearby galaxies, which are expected to align strongly
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Figure 3. Aitoff projections of nearby dwarf galaxies in Galactic coordinates. Top:

one eighth of randomly selected APOSTLE galaxies are shown after stacking

8 different configurations, rotated so in each the direction to M3 1 matches the observed position of M31 in the sky (see text). Bottom: observed LG and periphery.
Satellite galaxies are shown with star symbols (grey for MW satellites and blue for M31 satellites). Field dwarfs are shown as circles coloured according to .
Filled circles correspond to LGP dwarfs and open circles to the rest of field dwarfs at distances < 1.25 Mpc. Black-dashed circles mark an area of 45° around
the MW-M31 direction. In the bottom panel, patches of different colours illustrate the footprints of the observational surveys indicated in the legend. The effect
of Galactic disc obscuration is shown in yellow, and the Supergalactic Plane is marked with a brown line.

with the M31 and anti-M31 directions. This prediction seems at odds
with currently available data on LG and LGP dwarfs. The reason for
the disagreement is unclear, but, if due to incompleteness, then the
simulations suggest that those directions could prove fruitful targets
for future searches of LGP dwarfs.

3.2 The Local Hubble Flow in APOSTLE

The anisotropic distribution of mass predicted by APOSTLE should
also have consequences on the velocity field of galaxies around the
MW. As discussed in Section 1, galaxies beyond the LG turnaround
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Table 1. Parameters of linear fits to the recession velocity of LGP
dwarfs in APOSTLE (in the MW-centric reference frame) of the form
Vrad = H(dvw /Mpc—1.25) 4V 25, for each of the angular bins «. These
are illustrated as coloured lines in the inset to Fig. 5.

APOSTLE H (kms~1) Vias (kms™1)
Mean MW-centric 134.3 —17.3
o < 45° 120 —61.2
45° > a < 90° 102.4 —134
90° > o < 135° 104.6 26.5
a > 135° 97.3 86.0
Mean LG-centric 108.3 7.8

radius should be expanding away with a decelerated Hubble flow.
The velocity field is also expected to be fairly symmetric relative to
the LG barycentre, and to show a clear asymmetry when expressed
in the Galactocentric (MW) reference frame. From that perspective,
distant galaxies at given distance from the MW, dyw, should have
recession velocities which depend on the angular distance to the
direction of M31, peaking in the anti-M31 direction and having a
minimum behind M31.

We show this in the upper panel of Fig. 4, which shows the radial
velocity relative to the MW analogue in APOSTLE, as a function of
MW-centric distance. Satellite galaxies are shown with star symbols,
while field galaxies are shown as circles, all coloured according to
o as in previous figures. Black squares indicate the radial distance
and velocity of the ‘M31 analogue’ in each volume, and thin grey
lines indicate the virial radii of all primaries, for reference. Results
are stacked for 8 LG configurations, obtained by alternating the MW
and M31 analogues.

Galaxies in Fig. 4 are, as in previous plots, coloured by their
angular distance to the M31 analogue. In particular, systems in purple
are in the general direction of M31, and those in red are located close
to the anti-M31 direction. The black points and grey shade represent
the mean and 410 standard deviation of V;,q computed in radial bins
in the range 1.25 to 3 Mpc. The average rms about the mean velocity
is quoted in each panel.

As may be seen from the top panel of Fig. 4, the recession velocities
of LGP dwarfs, as seen from the MW, are clearly modulated by their
angular distance to M31. The difference is not subtle. Behind M31,
galaxies at dyw ~ 2 Mpc have a mean recession velocity of just ~30
km s~!. At the same distance, galaxies in the anti-M31 direction are
receding on average at roughly ~160 km s~

This angular dependence hinders a proper characterization of the
local recession velocity field, including a precise determination of the
LG turnaround radius (where the mean radial velocity vanishes), the
dispersion about the mean flow (the ‘coldness’ of the local Hubble
flow), and how decelerated the local velocity field is relative to the
pure Hubble flow.

As expected, the angular dependence disappears when referring
velocities and distances to the barycentre of the M31-MW system, as
shown in the bottom panel of Fig. 4. This makes it easy to estimate
the average APOSTLE LG turnaround radius (r, ~ 1.2 Mpc from
the LG barycentre), and the velocity dispersion about the mean flow
(~ 40 km s~!). The flow is clearly decelerated relative to a pure
Hubble flow (indicated by the grey dotted line in the bottom panel of
Fig. 4): even galaxies as far away as ~3 Mpc from the LG barycentre
have not yet reached the pure Hubble flow.

How do these results compare with observational data for the LG?
In this case, we can only compute the Galactocentric flow, because
proper motions for all galaxies, which are unavailable, or a detailed
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3D velocity model, would be needed to refer recession velocities to
the LG barycentre (see; e.g. Karachentsev et al. 2009; Pefarrubia
et al. 2014).

Fig. 5 shows the distance-recession velocity relation for known
dwarfs, measured with respect to the MW (the specific data point
values are listed in Table Al). The thin solid grey line indicates
a linear fit to the data in the distance range 1.25 < dvw/Mpc
< 3. The shaded area around that fit shows the corresponding
lo standard deviation, of order ~65 km s~!. Note that this is in
excellent agreement with the coldness of the Galactocentric local
Hubble flow in APOSTLE (see upper panel of Fig. 4), which implies
that the APOSTLE runs have no problem accounting for the observed
coldness of the local Hubble flow.

There is also good qualitative agreement between APOSTLE
and observations regarding the angular dependence of the recession
velocity. As visual inspection shows, at given distance, the recession
velocities are highest in the anti-M31 direction and lowest behind
M31, with a velocity difference between antipodal directions ex-
ceeding 100 km s~'. We note that the reflex motion of the MW
caused by the recent infall of the Magellanic Clouds system could
add a similar dipole-like effect along a similar axis, but the amplitude
in that case is likely to be much smaller, roughly of only ~ 30 km s~!
according to Petersen & Pefiarrubia (2020). The velocity anisotropy
in the MW frame is therefore mainly due to the offset between the
MW and the LG barycentre, as shown for APOSTLE in Fig. 4.

The main difference between observations and simulations is that
the observed local Hubble flow seems much less decelerated than
that of APOSTLE. At given distance form the MW, APOSTLE’s
Galactocentric recession velocities (shown by the black connected
circles in Fig. 5) are well below observed ones (shown by the solid
grey line; the dotted grey line indicates a pure Hubble flow with
H, = 73 km/s/Mpc, Riess et al. 2022).

One way of reconciling this difference would be to assume that
the combined MW + M31 mass is much lower than assumed in
APOSTLE, but this seems unlikely. Indeed, as discussed by Fattahi
et al. (2016), a total combined mass of order 10''> Mg would be
needed, at least an order of magnitude lower than current estimates
(~10'26 M,; see table 4 in Chamberlain et al. (2023) for a summary
of the latest LG mass estimates).

Could the disagreement be due instead to the patchy sky coverage
of the observational sample? We explore this in the inset to Fig. 5,
where we compare linear fits to the MW-centric APOSTLE Hubble
flow on different parts of the sky (coloured lines) with the obser-
vational data. The disagreement is worse for galaxies with o > 90°
(i.e. the hemisphere in the anti-M31 direction, shown in red and
green), where the observed recession speeds systematically exceed
the APOSTLE predictions. Although the disagreement seems clear,
it is important to keep in mind how sparse the sky coverage of LGP
dwarfs is: only 4 ‘red’ distant dwarfs are known in the anti-M31
direction, and only 2 (shown in purple) are known behind M31.

It is therefore certainly possible that the comparison may change
if even a few more systems are added in each of these directions.
APOSTLE predicts that about ~60field dwarfs with M, > 10° Mg
are likely be missing from our nearby dwarf galaxy inventory, 41
of them LGP dwarfs (see Section 3.1). In particular, the lack of
deceleration in the observed MW-centric Hubble flow could be due
to the paucity of LGP dwarfs behind M31 (i.e. purple circles in Fig. 5).
Finding some of the ‘missing dwarfs’ predicted by APOSTLE in the
MW-M31 direction could certainly impact our understanding of the
Hubble flow in the outskirts of the LG.

If not due to incompleteness, it is possible that the apparent lack
of deceleration in the velocity field of LGP dwarfs may be due to
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Figure 4. Radial velocity versus distance for nearby dwarf galaxies in the APOSTLE simulations. We stack 8 different LG configurations and plot only dwarfs
with M > 10° Mg within 3.5 Mpc of the LG midpoint. Top: centred on each of the 8 APOSTLE LG primaries. Bottom: centred on the barycenter of each
LG. Satellites are shown with star symbols while field galaxies are shown as circles. All dwarfs are coloured according to « as in previous figures (see legend).
Black circles indicate the mean radial velocity computed in radial bins within 1.25 < dyw/Mpce < 3, and the grey shaded areas show the 1o deviation from
the mean. The grey dotted line shows a pure Hubble law with Hy = 73 km/s/Mpc (Riess et al. 2022). Table 1 gives linear fits to the recession velocity of LGP
APOSTLE dwarfs in the MW-centric reference frame (upper panel), expressed in the form Vo = H(dmw/Mpc—1.25) + V5, for each angular bin in «.

the large-scale distribution of matter around the LG. This could in
principle be investigated using simulations tailored to reproduce not
only the LG environment but also that of its surrounding large-scale
structure (see; e.g. Carlesi et al. 2017; Libeskind et al. 2020; Sawala
et al. 2022).

4 SUMMARY AND CONCLUSIONS

We have used the APOSTLE suite of cosmological hydrodynamical
simulations to study anisotropies in the spatial distribution and
kinematics of dwarf galaxies in the LG and periphery, out to a
distance of ~ 3 Mpc from the MW. The simulations show that the
anisotropy induced by the presence of two massive primaries on

first approach is reflected in the spatial distribution of nearby dwarf
galaxies. At all distances from the MW, the simulations predict a
strong preference for dwarfs to be located close to the axis defined
by the MW-M31 direction, from the satellites of the primary galaxy to
even the ‘distant’” LGP dwarfs, defined as those in the LG periphery,
i.e. at distances 1.25 < dyw/Mpc < 3 from the MW.

The local ‘Hubble flow’ of the LGP dwarfs is also expected to
be anisotropic if measured in the Galactocentric rest frame. At fixed
distance from the MW the mean recession speed, (V,.q), varies with
angular distance to M31, peaking in the anti-M31 direction and
reaching a minimum behind M31, mainly as a result of the offset
between the MW and the LG barycentre, which lies somewhere
between MW and M31.
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Figure 5. Galactocentric radial velocity versus radial distance for observed dwarf galaxies. See data in Table A1. Symbols and colour-coding are the same as in
Fig. 4. A thin grey line and shaded area indicate the linear fit and standard deviation obtained for galaxies in the range 1.25 < dymw/Mpc < 3. For comparison,
we overplot the black circles shown in the top panel of Fig. 4, i.e. the mean distance—velocity relation for APOSTLE. The dotted line marks a pure Hubble law
with Hy = 73 km/s/Mpc. The inset panel shows the same observational data with the addition of 4 lines representing linear fits to APOSTLE LGP dwarfs in

each of the four « bins (see Table 1).

The combined M31-MW mass also decelerates the local Hubble
flow of LGP dwarfs; the LG ‘turnaround radius’ (i.e. where (V,,q) =
0) in APOSTLE is located at r, ~ 1.2 Mpc from the LG barycentre
and the pure Hubble flow (i.e. (Vi.q) = Hp * r) is not reached out to at
least » ~ 3 Mpc. The predicted flow is very cold, with a barycentric
dispersion of less than ~ 40kms™!.

A comparison of these features with existing observations raises
interesting questions. Although there is agreement with the predicted
angular anisotropy in recession velocities around the MW, there is
little evidence in the spatial distribution of LGP dwarfs for a preferred
direction along the MW-M31 direction.

The ‘coldness’ of the local Hubble flow also seems consistent
with the simulations, but it is significantly less decelerated. Indeed,
in the Galactocentric frame, all dwarfs beyond r ~ 1.25 Mpc seem
to be receding with velocities consistent with a pure, undecelerated
Hubble flow. Although the reason for these differences is so far
unclear, APOSTLE also predicts that the true number of LGP dwarfs
should be substantially higher than observed, suggesting that our
local inventory of dwarfs is rather incomplete.

Another reason for the disagreement may be that the APOSTLE
volume selection made no attempt to account for structures beyond
~3 Mpc from the LG barycentre. The presence of large galaxies just
outside that volume, like M81 or NGC 5128, as well as the influence
of the Virgo cluster or the Local Void, may all have an influence over
the spatial distribution and velocity field of LGP dwarfs and clearly
need to be taken into account in future, higher fidelity simulations of
the LG volume.

It is thus possible that the oddities described above may result at
least in part from incompleteness and inhomogeneous sky coverage,
but a full explanation will need to await the completion of deep all-
sky surveys able to fill the gaps in our current inventory of the LG,
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and of simulations able to fully reproduce the configuration of the LG
within the larger-scale distribution of matter in the local Universe.
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Figure A1. 2D-projections of the spatial distribution of dwarfs in APOSTLE
(top) and in observations (bottom) shown in Fig. 1.
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Table Al. Data used for observed field LG and LGP galaxies shown in
Fig. 5. For details on how these quantities were computed and references,
see Section 2.2. Columns show Galaxy name, Galactocentric radial distance,
and Galactocentric radial velocity.

Galaxy name dmw (kpe) Veaa(kms™1)
AndromedaXVI 481 —200
AndromedaXXVIIT 661 —98
1C1613 757 —147
Phoenix 415 —110
Eridanus2 382 —-78
NGC6822 452 56
Cetus 756 —19
PegasusdIrr 921 —4
LeoT 422 —66
WLM 933 —68
AndromedaXVIIL 1217 —119
LeoA 803 —-21
Aquarius 1066 —13
Tucana 883 91
SagittariusdIrr 1059 17
UGC4879 1367 16
AntliaB 1296 146
NGC3109 1301 176
SextansB 1429 159
Antlia 1350 133
SextansA 1435 149
HIZSS3(A) 1682 126
HIZSS3B 1682 161
LeoP 1626 172
KKR25 1922 119
NGC55 1930 96
ES0294-G010 2031 69
NGC300 2079 100
1C5152 1945 79
KKH98 2526 76
UKS2323-326 2205 76
KK258 2340 128
KKR3 2187 141
KKs3 2116 144
GR8 2177 180
UGC9128 2288 198
UGC8508 2584 173
1C3104 2266 227
DDO125 2584 249
UGCA86 2971 219
DDO9%9 2597 272
1C4662 2437 184
DDO190 2792 264
KKH86 2579 257
NGC4163 2859 185
DDOI113 2953 306
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