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ABSTRACT

We present predictions for proper motions, infall times and times of first pericentric passage for 39 of M31’s satellite
galaxies. We estimate these by sampling satellite orbits from cosmological N-body simulations matched on mass, distance
and velocity along the line of sight, in addition to properties of the host system. Our predictions are probabilistic based on
repeated sampling from the uncertainty distributions of all quantities involved. We use these constraints on the satellites’
orbital histories in conjunction with their published star formation histories to investigate the dominant environmental
mechanisms for quenching satellites of M31-like hosts. Around half of the satellites appear to have quenched before
their first pericentric passage around M31. Only the most massive satellites (with stellar masses > 103M,) are able to
maintain star formation for up to billions of years after infall. The majority of faint satellites, with M, < 108 My, were
likely quenched before entering the M31 system. We compare our results for M31 against predictions for the Milky Way’s
satellites from the literature; M31’s has a more active recent accretion history with more recently quenched satellites than

the Milky Way.
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1 INTRODUCTION

The Local Group offers a unique testbed for galaxy evolution
theories due to our unique vantage point within it. For the Milky
Way in particular, the advent of high-precision proper motion
measurements across much of the Galactic system has enabled
reasonably accurate integration of the orbits of satellites back in
time (J. D. Simon 2018; T. K. Fritz et al. 2018a, b; I. B. Santistevan
et al. 2024). Alongside this, the ability to spatially resolve individ-
ual stars allows for the determination of precise star formation
histories for the same objects (T. A. Smecker-Hane et al. 1994; A.
E. Dolphin 2002; J. T. A. Jong et al. 2008; D. R. Weisz et al. 2014;
E. Sacchi et al. 2021). Combining both of these measurements
with the paths of satellites in cosmological simulations can lead
to insights into the physical processes shaping the evolution of
satellites as they orbit their hosts (M. Rocha, A. H. G. Peter & J.
Bullock 2012; S. P. Fillingham et al. 2019).

M. Rocha et al. (2012) used the subhaloes of a single simulated
Milky Way-mass dark matter halo to find infall times for 21 of
the Milky Way’s satellites by comparing radial distance and ve-
locity (proper motions were available and utilized for seven of
these) between observed satellites and the simulated subhaloes
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at z = 0. For those satellites with well constrained infall times,
they found that the classical satellites are typically quenched after
infall, while the ultra-faint dwarfs had quenched significantly
before infall onto the Milky Way. More recently, S. P. Fillingham
et al. (2019) used 12 simulated Milky Way-mass haloes to match
subhaloes’ normalized binding energies, normalized distances
from their hosts, and direction of radial velocities to those of
the Milky Way’s satellites. With detailed star formation histories
then available for 15 of these satellites, they found that satellites
with stellar mass 10° < M, /Mg < 10® are consistent with having
quenched only shortly after infall, while satellites with masses
lower than this quenched earlier.

These results are broadly in line with the mechanisms that
we expect to drive the quenching of dwarf galaxies now existing
in dense environments. Ram-pressure stripping acts as a galaxy
moves quickly through a dense medium, removing the gas re-
quired to form new stars from the outside in (J. E. Gunn &
I. Gott 1972; G. R. Gisler 1976; S. M. Lea & D. S. De Young
1976). This can occur at any point during a dwarf galaxy’s evo-
lution before becoming a satellite of a larger galaxy, for example
when encountering dense filaments in the cosmic web, but is
particularly prominent while infalling through the circumgalac-
tic medium surrounding a new host (I. Murakami & A. Babul
1999; A. Marcolini, F. Brighenti & A. D’Ercole 2003; J. A. Hester
2006; A. Benitez-Llambay et al. 2013). Tidal stripping is instead
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more prominent at pericentre passage shortly afterwards, where
the tidal forces from a host galaxy are strongest. This strips the
outer layers first, including the dark matter halo, but also the
star-forming gas in many cases (D. O. Richstone 1975; D. Merritt
1983; J. I. Read et al. 2006; R. Smith et al. 2016). Both of these
mechanisms are most effective with lower mass satellite galax-
ies, since a shallower potential well binds gas more weakly. The
accretion of new gas is also slowed/halted by the host environ-
ment (R. B. Larson, B. M. Tinsley & C. N. Caldwell 1980; M. L.
Balogh, J. F. Navarro & S. L. Morris 2000; Y. Peng, R. Maiolino &
R. Cochrane 2015; A. 1. Visser-Zadvornyi et al. 2025). These
mechanisms are consistent with the evolution of the intermedi-
ate stellar mass Milky Way satellites studied by S. P. Fillingham
et al. (2019) which quench shortly after infall, with pre-satellite
ram-pressure stripping being at least partially responsible for the
lower mass, early quenching satellites present in both mentioned
studies.

Regardless of environment or orbital history, reionization is
thought to be responsible for quenching many low-mass galaxies
around 10 Gyr ago (J. S. Bullock, A. V. Kravtsov & D. H. Wein-
berg 2000; M. Ricotti & N. Y. Gnedin 2005; T. M. Brown et al.
2014), contributing to the population of low-mass satellites that
quenched well before infall. Internal mechanisms such as super-
nova or active galactic nuclear feedback can suppress star forma-
tion across all galaxy masses, and quench even massive dwarf
galaxies over a long time-scale (R. B. Larson 1974; A. Dekel & J.
Silk 1986; A. J. Benson et al. 2003; T. Di Matteo, V. Springel & L.
Hernquist 2005; D. J. Croton et al. 2006; A. C. Fabian 2012; P. F.
Hopkins et al. 2014), giving a potential mechanism for the post-
infall quenching of the classical Milky Way satellites as proposed
by M. Rocha et al. (2012).

The detailed studies enabled by the wealth of information
available for the Milky Way system trades off against the fact that
it is a single host galaxy, raising questions about the generality
of any conclusions drawn. Studies of external host galaxies and
their satellites are limited by the available information, usually
position offsets projected onto the plane of the sky, velocity offsets
projected along the line of sight, and star formation histories
based on integrated stellar light (e.g. D. Zaritsky et al. 1993; F.
Prada et al. 2003; A. Karim et al. 2011; W. Wang & S. D. M. White
2012). This approach has clear advantages in terms of sample
size and diversity of host galaxy properties, although samples
are inevitably limited to brighter satellites than the faintest ones
observed around our own Galaxy.

The other massive galaxy in the Local Group, M31, provides
an interesting intermediate case. Reliable distances, line-of-sight
velocities, and star formation histories based on resolved stellar
populations are available for almost all of M31 satellites (B. F.
Williams et al. 2009; A. W. McConnachie 2012; D. R. Weisz et al.
2014, 2019; E. D. Skillman et al. 2017; P. Nagarajan, D. R. Weisz &
K. El-Badry 2022; A. Savino et al. 2022, 2023, 2025). Moreovet,
proper motions are available for a subset of them (A. Brunthaler
et al. 2005, 2007; S. T. Sohn et al. 2020; S. Rusterucci et al. 2024;
P. Bennet et al. 2025; D. I. Casetti-Dinescu et al. 2025), albeit with
lower precision than can be achieved in the Milky Way system.
The M31 satellite system is particularly attractive to compare
to that of the Milky Way since, while the two host galaxies are
broadly similar (e.g. mass, morphology, etc.), there is mounting
evidence that their accretion histories are very different with M31
being much more active recently in this regard (e.g. R. Ibata et al.
2004; M. A. Fardal et al. 2006; A. S. Font et al. 2006; R. D’Souza &
E. F. Bell 2018; F. Hammer et al. 2018; A. W. McConnachie et al.
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2018; A. Dey et al. 2023) - a finding that we will corroborate in
this paper.

In this work, we use a compilation of observed phase space
coordinates and photometry of resolved stars for the satellites
of M31 (Section 2.1) and a statistical sample of satellite orbits
drawn from an N-body simulation (Section 2.2). Matching satel-
lites to simulated satellite haloes by their 3D positions and line-
of-sight velocities allows us to predict their proper motions and
parameters describing their likely orbits. We derive relationships
between their orbital and star formation histories (Section 3.1)
and discuss these in the context of a comparison with the Milky
Way satellite system (Section 3.2) and findings from other works
(Section 3.3).

2 METHODOLOGY

2.1 Observations

A. W. McConnachie (2012) provides a compilation of observa-
tional data for dwarf galaxies in the Local Group, including satel-
lites of M31, which has been kept up to date until 2021 with
recent measurements. From this compiled table, we take each
galaxy’s right ascension, declination, heliocentric radial velocity
(Vh,sat), distance modulus (@), and apparent magnitude (m). We
supplement these with more recent distance estimates from A.
Savino et al. (2022).! We select satellites of M31 by making a cut in
distance from M31 of two virial radii and a cut in velocity relative
to M31 of 1.5 times the 3D velocity dispersion of satellites, giving
us 39 satellites in total (see below for the values taken for M31’s
virial radius and 3D velocity dispersion). Since only a quarter of
these currently have proper motions available (Andromeda III,
Andromeda V, Andromeda VI, IC 10, NGC 147, NGC 185, LGS
3, PegasusdIrr, and Triangulum), we base our analysis on the
line of sight velocity measurements for consistency across the
satellites.

For quenching times, we use the star formation rates of 37 of
M31’s satellites? from D. R. Weisz et al. (2014, 2019) and A. Savino
et al. (2025). The latter two papers directly provide the lookback
times with uncertainties to 79y (the lookback time at which the
galaxy has formed 90 per cent of its total stellar mass) which we
will use as a proxy for quenching time in this paper. In D. R.
Weisz et al. (2014), we instead calculate these values from the
cumulative star formation histories provided. It should be noted
that even for a continuously star forming galaxy, oo Will give a
‘quenching time’ in the past. From morphological classifications
in A. W. McConnachie (2012), five of the 37 M31 satellites are
unlikely to be quenched (these are IC 10, Triangulum, LGS 3, IC
1613, and Pegasusdlrr).

A. Savino et al. (2025) recommend the use of an absolute
magnitude-dependent quenching time instead of tqo. This 7, is
equal to 799 in most cases, but instead uses g, (the lookback time
at which the galaxy has formed 80 per cent of its total stellar mass)
for galaxies with absolute magnitude greater than —8 and values

IWhile the Local Volume Data base (A. B. Pace 2025) includes more up
to date measurements, we do not find significant differences for the three
quantities which we use for M31 satellites. For example, measurements
of m contain the most updated values, with 27 changes, but only eight of
these differ by more than the 1o uncertainty.

2 Andromeda XVIII and Andromeda XXVII have kinematic information,
but no star formation history available.
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of 0 for galaxies with ongoing star formation. This has the effect
of increasing the lookback time to quenching for satellites with
stellar masses less than 10> M, as well as reducing the scatter
in these times for a more robust measure of quenching time.
Despite this, we use 19 for a more direct comparison with the
literature, particularly with the Milky Way satellites presented in
S. P. Fillingham et al. (2019) in Section 3.2.

Lastly, for M31 itself, we use observed values of distance dy3; =
752 £+ 27kpc from A. G. Riess, J. Fliri & D. Valls-Gabaud (2012),
heliocentric radial velocity of v = —300 &= 4km s~ from J. B. Sa-
lomon et al. (2016), and virial halo mass My;, = (1.54 & 0.39) x
10'2M,, from R. P. der Marel et al. (2012). This virial mass defini-
tion matches that which we adopt in our analysis of our simula-
tion (Section 2.2): the mass inside of the sphere within which the
mean density is 360 times the background matter density (G. L.
Bryan & M. L. Norman 1998). This corresponds to a virial radius
of 308 + 26 kpc. From the virial mass, we also estimate the 3D
velocity dispersion (o3p) of dark matter particles in the galaxy

as:
1
Al\//IIvir ) 3 (1)
(0]

derived from equation (2) in A. Biviano et al. (2006, see also E.
Munari et al. 2013), giving o3p = 180 + 15kms~1.

o3p = 0.0165 (

2.1.1 Constructing a distribution of observational parameters

In order to match observed satellite galaxies to relevant simulated
satellite haloes below, we express the observational data and their
uncertainties in the form of probability distributions. We model
each observed value as a joined pair of half-normal distributions.
These consist of the left half of a normal distribution centred at
the observed value, with width given by the lower uncertainty,
combined with the right half of a normal distribution centred
at the same observed value, but with width given by the upper
uncertainty. We normalize each half to have an area of 0.5. From
this, we obtain a (discontinuous) full probability distribution
whose 50th, 16th, and 84th percentiles match the observation and
its lower and upper uncertainties, respectively.

From each observation’s distribution (across all galaxies), we
randomly and independently select a single value. Using these
we calculate three values for each satellite: a 3D distance to M31,
calculated from p, dys; and position on the sky; a signed line of
sight velocity offset from M31, calculated from vy, ¢ and vy m31;
a stellar mass, calculated from @ and m while assuming a stellar
mass-to-light ratio of 1.5 Mg L.

We also select a random value of M,;; (and derive the corre-
sponding values for r;; and o3p) from the distribution for M31.
With these, we normalize radial separation from M31 by ry;; and
normalize the velocity offset by o3;p. Our normalized distance
from M31 is then given by rip/ri Where r;p is the satellite’s
distance from M31, while our normalized signed velocity relative
to M31 is given by:

Vh,sat —Vh,M31

Vies o0 ifdn sat > dman

@)

Vh,M31 ~Vh,sat

B
30 h,sat M31

03D

where dj, ¢ is the satellite’s heliocentric distance. These two cases
fix the velocity’s sign to be positive if the satellite is moving away
from M31 along the line of sight.

In addition to stellar mass, we also estimate the peak virial halo
mass for each satellite galaxy. P. Behroozi et al. (2019) gives a

The satellite galaxies around M31 3

model for the correlation in galaxies between stellar mass and
the peak halo mass, Mpc.k. It is however worth noting, due to
incomplete samples (both observational and simulated) at lower
stellar masses, that the model must be extrapolated for dwarf
galaxies where Mpe, < 10'M,,. Thus the halo mass estimates for
our observed satellites carry large uncertainties. In addition, the
satellites that we study may have been substantially stripped of
stars by M31. The model does not account for this, resulting in a
potential underestimate of their peak halo mass. We numerically
invert the equation:

M, 2
log,, (M) =€ —log, (107 + 1077) + y exp (—0.5 (g) ) ,
3

where x = log, (Mpeax/M1), to obtain an estimated peak halo
mass from the stellar mass of M31’s satellites. The parameters in
this equation depend on redshift, but we omit this dependence
and set z = 0 due to M31’s close proximity, giving a set of six
constants with values and uncertainties given by P. Behroozi et
al. (2019). We treat each of these constants as an additional vari-
able and model a distribution for each to select a value from, as
described above for observations.

The above describes the process for a single value chosen for
each relevant variable. We repeat this for 10000 iterations to
obtain a final 10 000 normalized values of r3p/ryir, Vies/03p, and
Mieax for each satellite, and treat this as a discrete approximation
to the covariant probability distributions of these quantities.

2.2 Simulation

To compare with our compiled observations, we require a large
catalogue of satellite galaxies with cosmologically-motivated or-
bital histories and some information on future evolution. To this
end we have extended the dark matter-only version of the EA-
GLE simulation (J. Schaye et al. 2015; run ‘L100N1504’ in their
notation) to a final scale factor of 2 (about 10 Gyr into the fu-
ture). The simulation consists of 1504 dark matter particles of
mass 9.70 x 10° M, evolving in a 100 cMpc periodic box with
softening length 2.66 ckpc (up to a maximum of 0.70 kpc from z =
2.8 onwards). The cosmology used, observationally motivated by
Planck Collaboration I (2014), takes h = 0.677, ,, = 0.355, and
€2, = 0.693. We identify haloes using the ROCKSTAR halo finder
(P. S. Behroozi, R. H. Wechsler & H.-Y. Wu 2013a) and create
merger trees using the CONSISTENT-TREES tool described in P. S.
Behroozi et al. (2013b).

With these tools we obtain the 3D position and velocity in
the comoving simulation box and virial mass for each simulated
satellite and each simulated host, all recorded at each time step
for which the satellite exists. With this combination of measure-
ments we have enough information to measure projected phase
space coordinates for the simulated satellites (r3p/7vir, Vioso3p),
and Mpcak, matching the parameters obtained for observed satel-
lites in Section 2.1. We take the line of sight as the z-axis of the
simulation box. We also record the time at which each satellite
first crossed within 17, of the centre of the host halo (here-
after referred to as the infall time, t,ry) and the time of the
satellite’s first pericentre passage around its host following infall
(hereafter referred to as the pericentre time, fyeri). The choice of
these two times is motivated by the main environmental quench-
ing mechanisms expected around M31 as outlined in Section
1: tidal stripping is most prominent during a satellite’s pericen-

MNRAS 548, 1-13 (2026)
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Figure 1. The dependence of first pericentre time on our chosen parameter space within the simulation. 3D radial distance from the host is on the
horizontal axis (normalized by rv;;), line of sight velocity relative to the host is placed on the vertical axis (normalized by o3p), and satellite stellar mass
is indicated by the three panels of low, middling, and high masses, as labelled. The space is coloured by the median lookback time to the first pericentre
passage, ranging from ancient times in white/yellow to future times (negative values) in black/purple. We show contours of the number of simulated
satellites per bin at 3, 30, and 300. The white points show the parameters (most probable values) for each observed satellite of M31.

tre passage, with the first such event being at f,;i, while ram-
pressure stripping likely gradually starts around fingy. For infall
times we linearly interpolated between the last snapshot outside
rvir and the first snapshot inside r;, while for pericentre times
we recorded the first snapshot® after pericentre, since satellite
motion is non-linear at this time. Lastly, we record the remain-
ing components (those perpendicular to the ‘line of sight’ z-
axis) of each satellite’s velocity relative to its host galaxy, de-
composed into projected radial velocity away from the host, v,,
and the magnitude of the projected velocity perpendicular to
thiS, Vg

We restrict our simulated sample to satellites with 10% <
Mpeak /Mo < 102, 0 < r3p/hyir < 2.5, =2 < Vies/03p < 2, and
5 x 10! < Myirnost/Mo < 5 x 10'2. These restrictions ensure
similarity to the M31 system while including a wide enough re-
gion to accommodate statistically useful samples for all of M31’s
observed satellites. The mass restriction also excludes the lowest-
mass satellites which dominate the simulated population but are
not seen in current observations.

Fig. 1 shows the distribution of our sample in this space pro-
jected onto the r3p/rvir—Vies/03p plane and separated into three
stellar mass bins. From left to right these panels cut the space
into a low mass bin, a middling mass bin and a high mass bin.
Within each panel the contours show the distribution of simu-
lated satellites in phase space and the white points indicate the
corresponding positions of our sample of 39 satellites of M31. The
density of the simulated space peaks at low velocity offset and at a
radial distance of around 0.7 ry;,. The higher count contour on the
left panel indicates a higher number of satellites at low masses.
Our sample of observed satellites is generally well spread across
this distribution, giving a number of suitable matches: 100-6500
for each satellite, except for Triangulum with just 10 matches due
to its high mass.

3The snapshot output cadence is variable but is typically about 200 My,
and never more than 400 Myr.
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Fig. 1 also shows the dependence of median first pericentre
time on these parameters, by the colour scale. Each panel con-
sists of three sharply split regions. At negative relative velocity
(towards the host) and excluding low radii is the infalling popu-
lation in black/purple. These satellites are approaching the host
galaxy for the first time at the present day and as such have
future (negative) pericentre times. The backsplash population in
magenta/orange exists at mostly positive relative velocity and also
typically outer radii. These are the satellites that have already
experienced their first pericentre but are still on their first full
orbit around the host galaxy at the present day. Lastly, we have the
ancient satellite population in orange/yellow at inner radii across
the full range of velocities. These are the satellites that experi-
enced their first pericentre passages long ago and have had one or
more additional passages since, now existing on orbits which no
longer take them far from the host galaxy. A typical satellite will
move from the infalling region, through the backsplash region via
flipping its signed velocity upon pericentre, finally settling in the
ancient region close to its host. While the different groups mix
significantly in this projected phase space, it is clear that radius
and signed velocity give meaningful information on what point
a satellite’s orbit is at during the present day and thus how long
ago it experienced major milestones in its orbit. The sign of the
velocity is particularly valuable, c.f. K. A. Oman, M. J. Hudson &
P. S. Behroozi (2013, fig. 4). The third dimension of our parame-
ter space, peak halo mass, provides additional information on a
satellite’s progress through its orbit, with the ancient population
decreasing in density at higher masses in exchange for a higher
proportion of the backsplash population. This is likely because
dynamical friction acts more strongly on satellites with masses
closer to that of their host (S. Chandrasekhar 1943; M. Boylan-
Kolchin, C.-P. Ma & E. Quataert 2008), therefore much of the
population of earlier infalling, more massive satellites — which
would otherwise occupy this region of somewhat settled orbits -
have instead merged with, or been disrupted by, their host before
z=0.
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Figure 2. Illustration of the method for predicting orbital parameters for examples Andromeda XVIII (top) and Andromeda XIX (bottom). The left
panels show the dependence in the simulation of pericentre times on phase space as in Fig. 1 but restricted to halo masses within a factor of 2 of
the observed satellite. The middle panels show the probability distributions of the observed distance and line of sight velocity of the satellites, with a
logarithmic colour scale. These provide a weighting to select the simulated haloes shown in the right panels. In these panels, we show comoving distance
from the host for 100 randomly selected (with weighting) simulated satellites, with the lower histograms depicting the resultant spread of first pericentre
times. The green and blue paths correspond to the later and earlier peaks in the histogram, respectively. For reference, the black dashed line in this panel

shows the median virial radius of the hosts at each timestep.

2.3 Orbital parameter inference

Having obtained values of 73p/#vir, Vies/03p, and Mpeq for both
our observed and simulated satellite samples, we combine the
two in order to relate them and their properties. We divide each
dimension of the 3D parameter space into 50 bins, producing
a grid with 125000 cells to contain the 10000 realizations for
each satellite and 175613 relevant simulated satellites. This bin
spacing is chosen to be both fine enough to capture the detailed
behaviour of both observed and simulated distributions, while
being coarse enough that most bins in the denser regions are
populated by both types of point to allow an association to be
made. For each of M31’s satellites we can then give a weighting
to each simulated halo given by the number of points sampled
from the observational uncertainty distributions contained in its
bin, divided by the number of simulated haloes in the same bin.
Once normalized to sum to 1 across all simulated satellites, this
weighting represents the probability that the real satellite’s prop-
erties best match those of the specific simulated halo.

As well as our three main parameters, each simulated satellite
halo also carries an infall time, pericentre time, and proper mo-
tion as described in Section 2.2, for which we do not have corre-

sponding values from observations. However, from the weight-
ings that we obtain as described above, we create a probabil-
ity distribution for each, constructed from the simulated haloes’
properties.

Fig. 2 illustrates this process for the pericentre times of An-
dromeda XVIII and Andromeda XIX. The left panels are similar
to Fig. 1, but limit the simulated haloes shown to those with peak
mass within a factor of two of the observed satellite’s peak halo
mass. (This selection is for illustration purposes only and is not
used in constructing any probability distributions.) Additionally,
the bins shown are now the size of those used for our weighting.
White, empty bins only exist at the extremities of the space, so
that each bin in the region populated by M31’s satellites contains
simulated haloes to compare to.

The middle panels show the weighting resulting from the dis-
tribution of the satellites’ 10 000 sampled points in the same pa-
rameter space. These show some typical features of these weight-
ings. Due to a difference in the observational uncertainties our
weighting for Andromeda XVIII is more spread in the distance
direction than the velocity direction, while for Andromeda XIX
the grey clusters are more even. However, Andromeda XIX’s dis-
tribution is split into two parts in phase space, one at positive and
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one at negative velocity. This appears in many of the satellites
closest to M31 and is a result of small separation in the line of
sight direction. In these cases, the uncertainty in distances along
the line of sight is enough that some of the 10000 samples place
the satellite in front of M31 while some place it behind, thus flip-
ping the sign of the velocity and populating two distinct regions in
this projected phase space. In addition, there is a correlation be-
tween distance and velocity in both panels despite independently
sampling each observational value. This is a result the correlation
of the two normalization factors: both r;; and o3p increase with
increasing estimates of M31’s mass.

By matching the weightings to each simulated halo’s pericentre
time, we obtain our probability distributions for first pericentre
time, as illustrated in the right panels of Fig. 2. The upper half
of each uses the weightings to select at random an example 100
simulated orbits compatible with the observed satellite, and plots
their comoving separation from their hosts through time. The
first pericentre time of each can be seen as the first ‘V’ shape
below the black dotted line (the haloes’ hosts’ median virial radii
at that time) and these indicate the distribution of the sample’s
pericentres with time. The lower panel of each is a histogram rep-
resentation of the full weighted distribution of pericentre times,
and serves as the final probability distribution for this quantity.

The orbits shown in the right panel cluster together at lookback
time 0 Gyr because the orbits are constrained to pass through
the current uncertain position of the satellite (more so for An-
dromeda XIX due to the smaller uncertainty on its distance) and
diverge towards the past and the future. There are, however,
trends preserved in their histories, as shown in the histograms.
For both satellites the distribution forms two peaks, which we
here separate for illustrative purposes into a blue peak with old
pericentres and a green peak with more recent/future pericentres.
This colour split is carried over to the 100 orbital paths, where we
see that the green paths are approaching for the first time while
blue paths are returning to close radii for a second or even third
pericentric passage. This bimodal distribution is seen to some
extent in 36 of the 39 satellites, with 5 of these including a third
peak, and predominantly originates from a degeneracy due to
satellites having broadly similar coordinates at a given phase of
the second and each subsequent orbital passage.

These histograms represent our final probability distributions
for the pericentre times of Andromedas XVIII and XIX. From
these and the distributions for the remaining 37 satellites, we
take the 16th, 50th, and 84th percentiles as our central values and
uncertainty intervals. These are imperfect summary statistics for
often multimodal distributions but have the advantage of being
concise; we also explore trends that do not use these summary
statistics below.

3 RESULTS AND DISCUSSION

3.1 M31’s satellite population

We first present the median values and uncertainties from our
distributions for each satellite in Table 1, ordered by current dis-
tance from M31. We show predictions for the satellites’ orbital
parameters (used in Section 3.1.1 below), predictions of proper
motions (which we discuss in Section 3.1.2), and the observed
line of sight velocity offsets with our propagated uncertainties to
provide context.

MNRAS 548, 1-13 (2026)

3.1.1 Orbital histories and quenching

To constrain the satellites’ orbital histories, we focus on our pre-
dicted lookback times to infall and first pericentre. We see from
Table 1 a large variety of times for these events. There is a trend
of more recent infall and pericentre times for satellites currently
further from M31 (moving down the table) due to having had
less time to settle into a close orbit. There is, however, significant
scatter in this trend, for example we find very recent times for
Andromeda XII when compared to satellites at similar distances.
This is likely caused by its line-of-sight velocity; Andromeda XII
is currently moving away from M31 at high speed despite being
close to M31, suggesting that it has just passed its first pericen-
tre (other galaxies at similar distances are more likely on sub-
sequent orbital passages). The sign of the line-of-sight velocity
also provides some otherwise unavailable, valuable information
regarding the orbital history, seen by the difference in e.g. NGC
147 and Andromeda V which have similar distances and line-of-
sight speed offsets from M31, but opposite signs to their veloci-
ties that translate into different infall and pericentre times. The
dependence on mass is discussed below.

Infall time and pericentre time are the two major events whose
timings we have determined for each satellite. However, the for-
mer inevitably leads to the latter. Fig. 3 shows the tight correlation
between these two times. The time taken from infall to pericen-
tre tends to be around 1Gyr, with a scatter of about 0.5 Gyr.
Pericentric passages occur longer after infall in more recently
accreted satellites. This ranges from a median interval of 0.7 Gyr
at9 Gyr ago to 1.2 Gyr at present day. As such there is a simple and
shallow linear relation between infall times and pericentre times,
reflecting the characteristic dynamical time of M31 through cos-
mic history. In particular, we show half the crossing time as the

3
black dotted line and calculated as % G;V,}'A — this is expected to

be approximately the time taken to reach the galaxy centre after
infall. The slope matches that of the trend seen here, despite a
~0.3 Gyr offset, tying the time between infall and pericentre to
the host halo’s growth. The exception to this relation is Triangu-
lum, landing outside the axes above the plot, which we expect
to have almost 4 Gyr from infall to first pericentre. However, due
to its high mass, Triangulum has the fewest matching simulated
haloes of our sample — just 10 — and this high value is driven
by two unusual simulated satellite haloes. We note that except
for two cases (Triangulum, and IC 1613 which are amongst the
most massive satellites) the rest of the satellites have likely gone
through their pericentre in the past or are around their first peri-
centre now; very recent infalls are unlikely.

We will use pericentre time in the following due to its unam-
biguous definition (whereas infall time is defined as the crossing
time through various radii in the literature), but Fig. 3 shows that
our results would not be qualitatively altered by using the infall
time instead.

Fig. 4 shows the dependence of first pericentre time and
quenching time (in the top and middle panels, respectively)
on the satellites’ stellar mass. In the bottom panel we illus-
trate the relation between stellar mass and quenching time-
scale, defined as the difference between first perientre time and
quenching time (with negative values indicating quenching be-
fore first pericentre). The blue points give the median values
for each satellite, and the blurred grey scale shows the sum of
the probability distributions calculated for all of M31’s satellites.
For the quenching time-scale, we convert the quenching time
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The satellite galaxies around M31 7

Table 1. Our predictions for orbital parameters, shown as medians with 16th to 84th percentile uncertainties for the 39 galaxies studied in this paper,
ordered by proximity to M31. Columns: (1) The abbreviated names of the satellite galaxies; (2) the infall times (negative values indicate future events);
(3) the pericentre times (negative values again indicate future events); (4) the observed velocity offset from M31 along the line of sight (with the positive
direction being away from M31); (5) the predicted magnitude of the velocity component in the plane of the sky and radial to M31; (6) the predicted
magnitude of the remaining velocity component in the plane of the sky and perpendicular to the radial direction; (7) the predicted resultant magnitude

of the satellites’ relative velocities in the plane of the sky (Vransverse = (vf, + vi )1/2); (8) the predicted total magnitude of the satellite’s proper velocity

relative to M31 (Viota = (vfOS + vtznmsverse )1/2). The equations relating components are applied to individual haloes sampled from the simulations and

therefore do not necessarily hold for the median values.

Satellite galaxy Linfatl (GYT) Iperi (Gyr) Vros (km 571) [Vl (km 571) Vo (km Sil) Viransverse (Km 571) Viotal (km Sil)

+1.9 +1.9 +193 +129 +178 +223 +186

M32 6.3157 54750 —887)) 61717 36117 11472 162738
AndI 9.733 9.3723 60129 135498 126175 200191 2081190
+2.2 +2.3 +93 +133 +119 +124 +123
And XVII 8.1%22 7.5%33 —4513 1707133 1937109 307133 3112
+1.9 +2.1 +7 +169 +109 +117 +147
NGC 205 6.713% 57123 5477 10273 68740 2011147 2061137
And XXVII 6.6732 6.0"22 —235130 87122 861% 148122 30148
+2.6 +2.8 +8 +120 +123 +97 +95
And IX 7.742% 71428 —9118 135132 1567123 248157, 266195,
+2.0 +2.1 +6 +71 +117 +88 +85

And III 8.9129 8.412% 4478 149771 104732 204788 21078
+2.2 +2.4 +371 +85 +118 +125 +112

And XXV 8.2722 7.6721 —18613; 9675 7875 145722 25775
+2.6 +2.5 +5 +111 +103 +106 +106

And XV 8.3%3¢ 7.8%33 2213, 14214 10175 204149 20514
+2.9 +3.1 +15 +118 +98 +87 +87

And XI 7.0122 6.3%2% 116135, 118711 139758 216187 25218
And XXVI 7.57%8 6.8728 3419, 138119 152158 231193 236193
NGC 147 7.17%3 6.4723 -106119 1131286 79+30 180117 218714
‘TS, ©7—6.0 —-12 —70 —50 - —65

And XII 16783 0.5779 257127 7418 84178 136178 30418
AndV 8.6729 7.922 98+13, 94187 94150 16218 19717
And XIX 7.3t§5§ 6.61’2;; 18512 8619 7419} 15175 254189
And XXI 8.17%1 7.57%2 55M12) 1081192 113737 182190 195199
And XIII 6.2133 54138 113133 1201404 12478 20218} 232187
And XX 55738 4.6749 153118 1051102 122192 185153 24719
And XXIII 8.3"18 7.67%0 —611114 99198 93118 165153 179181
+2:8 +3:0 +136 +77 +95 +87 +82

And XXXII 7.212%8 6.6739 —70%3 977 5979 135787 156782
NGC 185 4.9139 4.032 9618, 51118 86180 165189, 194178
And X 6.5728 5.8130 -136*1} 861 g7+87 149188 21017
And XIV 6.2353 5.3t§5§ 162128 7418 6318 12218 237478
AndII 5.8731 52134 —10819, 84187 75162 133187 17958
+2.4 +2.6 +9 +87 +87 +88 +84

And XXIX 6.9124 6.212¢ —1061Y; 77181 69187 130758 173*5%
And XXIV 2.27%9 0.8779 172418 7278 68177 120183 226178
And XXII L6434 0.57%9 —16413%0 7418 69172 123178 228188
Triangulum 2.5%14 -1.3718 121113 163172 33438 19314 2381107
And VII 4.038 31454 -7%2 70182 7815 119419 120119
And XXX 1.3j§5(1) —o.1f§;§ —160*1% 73178 6419 11618 21817
IC 10 3.61738 2.67%1 44133 106143 63+39 130132 13716}
And XXXI 27433 164371 —68110% 67159 6217, 11073 171139
+4:6 +5:4 +8 +79 +70 +79 +74

And XVI 3.9438 2.9%31 685 6717 65179 11877, 141173
And VI 4.5739 3.4%47 —40*¢ 70192 69187 11572 123189
LGS3 4.7 3.97%3 —147% 711 63142 11677 17+%
And XXVIII 4.0%9 31132 2618 6117 5758 104153 108183
PegasusdIrr 3.1798 22712 121113 49134 60+39 gg 106 16059
+2.7 +2.9 +5 +73 +61 +68 +66

And XVIII 3.87%0 3.017) -3273 6377 5215 100753 106755
+0.9 +1.3 +7 +108 +36 +110 +107

IC 1613 -1.8702 34173 —6877 60732 6173 88735 117119

to a distribution as described in Section 2.1 and then combine
this with the pericentre time distributions, assuming no covari-
ance between the uncertainties on the two times. The result
is a globally summed probability distribution for the position
of an M31 satellite within this space of mass and quenching
time-scale.

The pericentre time in the top panel forms two tracks at masses
below 10%° My, one around present day and the other from 4
to 8 Gyr ago from low to high mass, before combining into a
wider scatter at higher masses. This is a result of the prevalent
bi-modality of the probability distributions for orbital history
parameters across most of the satellites at low masses (see Sec-
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Figure 3. The time we predict to be taken from the first crossing of M31’s
virial radius to the first pericentric passage for each observed satellite,
plotted against the time of its first pericentric passage. This interval is cal-
culated as a probability distribution in its own right, not from our median
times for the two events. The black dotted line shows the evolution of the
host haloes’ median dynamical time-scale. The Triangulum galaxy lies
outside of the plot area near (—1, 4) Gyr.

tion 2.3), creating a clear separation of pericentre times once
combined into an overall distribution. Additionally, the median
values along the early-pericentre track are mainly composed of
satellites which are currently closer to M31, while the more recent
track consists of more distant satellites.

In the quenching times, taken from the literature and shown in
the second panel, there is a trend of later quenching times with in-
creasing mass which is well established: higher mass dwarfs keep
forming stars for most of the cosmic time whereas lower mass
objects are on average quenched a long time ago. The quenching
time-scales shown in the bottom panel have a trend mostly inher-
ited from the trend in the quenching times (middle panel), with
higher mass galaxies generally having less negative time-scales,
albeit with a large amount of scatter. In fact, only two of the most
massive satellites (M32 and NGC 205), have a high probability
of having quenched more than 1 Gyr after their first pericentre
passage, while the five that are yet to quench, shown by the trian-
gles, tend towards higher masses as well. Ultimately, we find that
of the seven most massive satellites with M, > 10® Mg, only one
is likely to have been quenched before first pericentre (NGC 185)
- the other six have a positive quenching time-scale and/or have
not yet quenched from morphological classification. In contrast,
the majority of the remaining lower mass satellites appear to have
been quenched significantly before their first pericentre passage,
with some of the least massive quenching up to 10 Gyr prior.

In the background distribution (greyscale), we still see the gen-
eral trend of more positive quenching time-scales with higher
mass. This is particularly prominent in the over-density at —6 Gyr
below 10°° M, which sharply rises to around 1 Gyr by 10° M.
The higher values of quenching time-scale are maintained by the
over-densities at higher masses, although not without significant
scatter. Large uncertainties make the trends previously described
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Figure 4. From top to bottom, the blue points show the medians of look-
back time to first pericentre passage, lookback time to quenching, and
their difference (the quenching time-scale), each plotted against the satel-
lites’ stellar mass. Galaxies that have not yet quenched (as determined by
a morphological classification of dwarf irregular or spiral) are shown by
triangles. In the quenching time panel, error bars are used to indicate
the 16th to 84th percentiles; the top and bottom panels uncertainty is
visualized as a summed probability density, with darker regions having
a higher probability of hosting an M31 satellite. This is obtained from the
values’ probability distributions and smoothed using Gaussian kernels
across a scale of 0.1 dex for the logarithmic stellar mass and 0.5 Gyr for the
lookback time (~ 2 per cent of each axis). The dotted line in the bottom
panel indicates simultaneous pericentre and quenching times.

weaker, but it is still clear that the lowest-mass satellites do not
maintain star formation long past their first pericentre passage,
whereas the most massive satellites have the potential not to
quench until long after this event.

This all suggests that only the most massive satellites can resist
environmental quenching from the environment surrounding
M31 for any significant length of time. Below a stellar mass of
~10® Mg, a number of satellites have quenching time-scales con-
sistent with being quenched by tidal stripping and ram-pressure
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stripping effects near their first pericentre around M31. However,
the majority of M31’s satellite population may have quenched
well before interacting with M31. This could hint at ram-pressure
stripping when passing through filaments of the cosmic web (A.
Benitez-Llambay et al. 2013), or ‘pre-processing’ around lower
mass hosts. Additionally, a few of the satellites quenched earliest
may have been quenched by reionization; Andromeda XI and
Andromeda XVII are strong candidates for this mechanism, both
being at the lower mass end of our sample and quenching around
12.5 Gyr ago in spite of their likely infall times being only 7-8 Gyr
ago.

Triangulum is a relatively massive satellite for an M31-mass
host, which may influence the orbital histories of other M31
satellites. Roughly 10 per cent of the M31-mass hosts in our sim-
ulated sample have a satellite at least as massive as Triangulum,
with ~20 per cent of our total satellite sample lying around these
hosts. Taking only these satellites, we can recalculate pericentre
time distributions for each of M31’s observed satellites. While this
shifts the median pericentre times 0.8 Gyr later on average, Fig. 4
remains qualitatively very similar, with the same conclusions
being drawn. This indicates that our analysis is consistent with
the presence of a Triangulum-mass satellite, and so valid despite
this extra constraint on the M31 satellite system.

3.1.2 Predictions of proper motions

Ever increasing observational capabilities will likely yield proper
motions for many of M31’s satellites this decade, so we predict
these using our methodology to act as a future validation test
of the accuracy of our predictions of significant orbital events.
These proper motions relative to M31 are shown in Table 1. Many
of these velocity predictions have very large uncertainties. Some,
however, are more precise, driven by orbits that require a velocity
in a narrow range at the present day. Note that, while we have
signed v, available from our data, we show the absolute value |v,|
since many of the satellites give distributions roughly symmetric
about 0kms~1.

Measurements are available for the proper motions of nine
of M31’s satellites — Andromeda III (D. I. Casetti-Dinescu et al.
2024), Andromeda V and Andromeda VI (D. I. Casetti-Dinescu
et al. 2025), IC 10 (A. Brunthaler et al. 2007), NGC 147 and NGC
185 (S. T. Sohn et al. 2020), LGS 3 and PegasusdIrr (P. Bennet
et al. 2025), and Triangulum (S. Rusterucci et al. 2024). With the
addition of M31 itself (S. Rusterucci et al. 2024), this allows us
to compare these with the values predicted using our methodol-
ogy. To compare against our predictions, we convert each proper
motion to components matching those in Table 1, since these
components are independent of orientation in the plane of the
sky which we do not constrain in our simulated halo selection.
We show these velocity components in Fig. 5 alongside our pre-
dictions. The ~68 per cent confidence regions for the predictions
and measurements for Andromeda V, Andromeda VI, IC 10,
NGC 185, PegasusdIrr and Triangulum (6/9 galaxies; 67 per cent)
overlap, while predictions and measurements for Andromeda IIT
and NGC 147 are tentatively compatible with overlapping ~95
per cent confidence regions (not shown). Our predictions are in-
compatible with observations for LGS 3. Across these nine satel-
lites, our predictions therefore seem to give statistically reliable
results, albeit with large uncertainties.

Notably, our predictions cover the observed range of v4 better
than that of |v,|. This is mostly due to the fact that the observed
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Figure 5. The proper motions in the plane of the sky relative to M31 for
the nine satellites with observed proper motions available. Black points
with white borders show these observed values, while white points with
black borders show our predictions from Table 1. The colour scale in the
background shows the distribution of our full simulated satellite sample
across the same space.

proper motions mostly exhibit significantly larger |v,| than v,.
In contrast, our predicted values of |v,| and v4s show less of a
difference. Fig. 5 also shows the distribution of |v,| and v, for
our full sample of simulated satellites — this gives an almost
direction-independent distribution with no preference for large
[v,|. The reason for this difference from observed satellites is
unclear, but may tentatively indicate a level of bias towards more
radial orbits in the M31 satellite system not present in typical
systems within the EAGLE cold dark matter simulation we use.
This could suggest some inaccuracy in the simulation model, a
bias in the satellites selected for proper motion measurement, or
a genuine difference between the M31 satellite population and
average satellite systems around M31-mass hosts.

3.2 Milky Way comparison

As mentioned in Section 1, the precision of measurements in the
Milky Way and its satellite system have enabled detailed study
to precede that in external galaxies. S. P. Fillingham et al. (2019)
performed a similar study to the one that we present here, but for
the Milky Way’s satellites, using 12 simulated haloes and obser-
vations constraining the full 6D phase space. In this section, we
use this to compare our results for M31’s satellites with the infall
and quenching of the Milky Way’s satellites.

Fig. 6 compares the trends in infall time, quenching time and
quenching time-scale with mass of satellites of M31 against those
of the Milky Way. We obtain the Milky Way satellites’ stellar
masses from tables from A. W. McConnachie (2012) using the
same method as described in Section 2.1.1. For most of the Milky
Way satellites, we take infall and quenching times from S. P. Fill-
ingham et al. (2019), but for the Small Magellanic Cloud (SMC)
and Large Magellanic Cloud (LMC) we use infall times (without
uncertainties) from the most likely orbital history found in N.
Kallivayalil et al. (2013) and values of 7oy from S. Rubele et al.
(2018) and A. Mazzi et al. (2021). For a direct comparison with S.
P. Fillingham et al. (2019), we use infall times rather than peri-
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Figure 6. From top to bottom, the lookback time to infall, the lookback
time to quenching, and their difference (the infall-quenching time-scale)
are plotted against stellar mass. Uncertainties in time are shown by the
error bars in each panel. Milky Way satellites are shown in light pink,
while M31 satellites are shown in blue. Satellites that are yet to quench are
shown as triangles, with the same meaning for their colours. The dotted
line in the bottom panel signifies equal times of quenching and infall,
with points below this line being quenched before infall.

centre times in this section, although we again argue using Fig. 3
that these two measures produce qualitatively equivalent results.
We also replace our previously used median with the mode of
the smoothed histograms of the probability distributions for infall
times to better mimic the approach of S. P. Fillingham et al.
(2019). Due to the prominence of bimodal distributions in these
probabilities, this generally has the effect of shifting the estimated
infall time towards more extreme values, either close to present
day or close to lookback times of 9-10 Gyr, depending on which
peak in the probability distribution has the largest amplitude.
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Despite this, we still see a more continuous distribution of
infall times for satellites of M31 than for those around the Milky
Way in the top panel of Fig. 6, with the same being seen for
quenching times in the second panel. As S. P. Fillingham et al.
(2019) notes, the Milky Way’s satellites mostly have old (>11 Gyr)
quenching times and/or old (>9 Gyr) infall times, accounting
for 76 percent of the population. In contrast, M31’s satellites
are more widely and evenly spread in both infall and quenching
times.

This suggests some systematic difference between the two
satellite populations, either from observational biases or genuine
differences. S. P. Fillingham et al. (2019) use a set of zoom-in
simulations to infer infall times, and have proper motions avail-
able for their halo-matching. As such, they have better obser-
vational constraints on the Milky Way satellites’ orbits (thanks
to the proper motions), and improved mass resolution in their
simulations (probably necessary to track the orbits of the halos
hosting ultra-faint satellites). However, this comes at the cost of
a smaller sample of hosts and satellites than in this study, which
has a greater variety of satellite histories to consider as a result.
S. P. Fillingham et al. (2019) also reach lower mass satellites
than for M31, down to M, = 103> Mg, These galaxies are more
likely to be quenched by reionization; they make up the extremely
early quenched group seen in the lower left of Fig. 6’s second
panel.

Assuming that the differences are instead physical, and ignor-
ing those Milky Way satellites below the mass range for M31’s
observed satellites, the primary remaining difference is a scarcity
of recently infalling satellites around the Milky Way. This would
suggest that the Milky Way generally assembled its satellites ear-
lier than M31, with LMC and SMC being notable recent excep-
tions. Indeed, this conclusion is also reached following different
lines of argument in other studies based on either observations
(e.g. F. Hammer et al. 2007; J. M. D. Kruijssen et al. 2019; D. A.
Forbes 2020) or simulations (e.g. T. A. Evans et al. 2020; F. Fragk-
oudi et al. 2020; D. Buch et al. 2024; E. Wempe et al. 2025). The
consensus emerging is that the Milky Way has assembled its mass
and satellite population unusually early. M31 seems to be a more
typical galaxy in this regard. Additionally, M. Geha et al. (2017,
2024) find that the Milky Way’s satellites have a higher quenched
fraction than typical for similar hosts in the local Universe. J. E.
Greene et al. (2023) also find that other satellite systems see a
less abrupt change with mass from fast to slow quenching times,
which matches the more varied distribution of quenching times
for M31’s satellites that we see here and was also seen in A. Savino
et al. (2025).

In the bottom panel of Fig. 6, we show an altered version of
our quenching time-scale, with pericentre time replaced by infall
time. We can see that while very few Milky Way satellites main-
tain star formation past 2 Gyr after infall below 10® M, there are
three that have have probably survived for at least 7 Gyr. S. P. Fill-
ingham et al. (2019) identify all three as unusual; the Sagittarius
dSph is being extremely tidally stripped which may lead to its gen-
uine counterparts in simulations being interpreted as destroyed,
while Fornax and Carina are both on extremely circular orbits
with distant pericentres and so subject to milder ram-pressure
and/or tidal stripping from the Milky Way. This leaves the sample
of more typical Milky Way satellites in two groups: those which
were quenched around infall, with stellar masses above 10° M,
and those which were quenched before infall, with stellar masses
lower than this. The higher mass group was likely quenched
by ram-pressure/tidal stripping from the Milky Way, while
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the lower mass group are those consistent with quenching by
reionization.

The largest difference between the two satellite populations
is the majority of M31’s satellites across all except the highest
masses which can be seen to quench before infall, as in Fig. 4.
This population of negative quenching time-scales is not present
above 10° Mg, in the Milky Way’s satellites, possibly due to the
overwhelmingly early infall times in the Milky Way. M31’s more
varied distribution of satellite infall times may uncover the im-
portance of pre-processing quenching where the Milky Way’s
unusual satellite population hides this.

3.3 Quenching mechanisms in context

Other recent studies have also placed constraints on the mecha-
nisms driving quenching in satellite galaxies. In this section, we
compare our results with those found in other works to place our
conclusions in context.

Ram-pressure stripping has been seen in external satellite sys-
tems (M. G. Jones et al. 2024) and is consistent with having
quenched 80 per cent of the Milky Way’s satellite population (M.
E. Putman et al. 2021). In a cosmological simulation, C. Engler
etal. (2023) find that ram-pressure stripping in combination with
tidal stripping is the predominant cause of quenching for satellite
galaxies with stellar masses below ~10° M, around M31-mass
hosts. Similarly, A. Di Cintio et al. (2021) find that ram-pressure
stripping quickly quenches star formation in 75 per cent of the
satellites in a simulated Local Group analogue system. While our
methodology cannot reliably differentiate between ram-pressure
and tidal stripping mechanisms, we do see a significant number
of M31’s satellites quenching around their first pericentres, with
a rough upper limit on the quenching time-scale of 2.5 Gyr for
satellites with stellar masses less than ~108 M,. This time-scale is
consistent with both gas stripping mechanisms, and additionally
agrees with the 3 Gyr after infall quenching time-scale found in
H. Akins et al. (2020) for the same mass limit from zoom simula-
tions.

However, other works find vastly different quenching time-
scales. D. Pathak et al. (2025) find time-scales of ~300 Myr for
simulated satellites infalling over 10 Gyr ago and S. Barment-
loo & M. Cautun (2023) find only slightly longer time-scales of
~0.5 Gyr around the Milky Way. In contrast, J. E. Greene et al.
(2023) find time-scales 3 Gyr or less only for observed satellites
with stellar masses below around 10° My, and K. A. Oman et al.
(2021) find time-scales on the order of the Hubble time for M, ~
10° M, satellites around slightly more massive hosts. It appears
that quenching time-scales may not be consistent across all sys-
tems, but ram-pressure and tidal stripping are likely important
mechanisms of quenching in many, including in M31’s satellites.

Across M31’s satellites, we see most quenching occuring be-
fore pericentre or even before infall. This is consistent with any
of internal quenching, pre-processing by other halos and/or the
cosmic web or, in a few of the oldest cases, quenching by reion-
ization. A reliance on pre-processing was also found in zoom sim-
ulations by G. D. Joshi et al. (2025), where many satellites below
108 M, stellar mass around Milky Way-mass galaxies quenched
outside the host environment over 8 Gyr ago (these results differ
depending on the parent simulation used). Pre-processing from
the cosmic web has also recently been seen in observations in N.
Luber et al. (2025). Closer to this study, in the Local Group, P.
Bennet et al. (2025) find pre-processing to be an important factor
in the quenching of the outermost satellites. Reionization in the

The satellite galaxies around M31 11

Milky Way system on the other hand, is only expected to be rele-
vant for satellites below 105 M, stellar mass (S. Barmentloo & M.
Cautun 2023). This excludes most of our sample of M31 satellites,
with only a handful of good candidates for reionization, leaving
pre-processing as the most likely mechanism of quenching for the
majority of M31’s satellites population.

4 CONCLUSIONS

In this work, we used the M31 system to investigate the mech-
anisms that drive the quenching of satellite galaxies, and pre-
sented predictions for the proper motions of satellites of M31. We
constructed probability distributions of each satellite’s observed
kinematic properties and used these to select and weight match-
ing satellite haloes from a dark matter only simulation. From
these haloes’ orbital histories, we assigned each of M31’s satellites
a probability distribution for their proper motions, time of infall
and first pericentre around M31.

(i) We see that only the most massive of M31’s satellites have
maintained star formation for more than 3 Gyr following their
first pericentre. This suggests that ram-pressure, tidal stripping
and/or the shutoff of gas accretion reliably quenches dwarf galax-
ies with M, < 107> M, upon becoming satellites of M31.

(ii) A significant portion of M31’s lower mass satellites likely
quenched well before encountering M31, some possibly from
reionization but most from ‘pre-processing’.

(iii) We present predictions for 39 satellites’ proper motions,
to be compared with future observations. Nine galaxies with ex-
isting proper motion measurements are consistent with our pre-
dictions, although the uncertainties are large and the observed
proper motions are more radial than we predict.

(iv) By comparing with the Milky Way, using data from S. P.
Fillingham et al. (2019), we find that the two galaxies have qual-
itatively different satellite populations. In particular, the Milky
Way’s satellites have generally been satellites for longer and have
been quenched more quickly following infall than M31’s satellite
population.

With probable orbital histories now available for satellite galax-
ies across the Local Group, we have a wider sample than ever for
examining how satellites interact with their hosts. The properties
of M31’s satellites reflect the fact that environmental effects —
ram-pressure, tidal stripping or the cessation of gas accretion -
are reliable quenchers of low mass satellite galaxies in the Uni-
verse.
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