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A B S T R A C T 

The existence of mutually correlated thin and rotating planes of satellite galaxies around both the Milky Way (MW) and 

Andromeda (M31) calls for an explanation. Previous work in Milgromian dynamics (MOND) indicated that a past MW–M31 

encounter might have led to the formation of these satellite planes. We perform the first-ever hydrodynamical MOND simulation 

of the Local Group using PHANTOM OF RAMSES . We show that an MW–M31 encounter at z ≈ 1, with a perigalactic distance of 
about 80 kpc, can yield two disc galaxies at z = 0 oriented similarly to the observed galactic discs and separated similarly to 

the observed M31 distance. Importantly, the tidal debris are distributed in phase space similarly to the observed MW and M31 

satellite planes, with the correct preferred orbital pole for both. The MW–M31 orbital geometry is consistent with the presently 

observed M31 proper motion despite this not being considered as a constraint when exploring the parameter space. The mass of 
the tidal debris around the MW and M31 at z = 0 compare well with the mass observed in their satellite systems. The remnant 
discs of the two galaxies have realistic radial scale lengths and velocity dispersions, and the simulation naturally produces a 
much hotter stellar disc in M31 than in the MW. Ho we ver, reconciling this scenario with the ages of stellar populations in satellite 
galaxies would require that a higher fraction of stars previously formed in the outskirts of the progenitors ended up within the 
tidal debris, or that the MW–M31 interaction occurred at z > 1. 

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

t has been known since the early work of Kunkel & Demers ( 1976 )
nd Lynden-Bell ( 1976 , 1982 ) that dwarf spheroidal galaxies around
he Milky Way (MW) have an anisotropic spatial distribution, as later 
onfirmed by Kroupa, Theis & Boily ( 2005 ) and Metz, Kroupa &
erjen ( 2007 ). The orbital poles that can be measured indicate that
his Vast Polar Structure (VPOS) is corotating (Metz, Kroupa & 

ibeskind 2008 ; P a wlowski, Kroupa & Jerjen 2013 ; P a wlowski et al.
017 ; P a wlowski & Kroupa 2020 ; Li et al. 2021 ). This is in stark
ontrast with expectations based on the standard � cold dark matter 
 � CDM) cosmological model (Efstathiou, Sutherland & Maddox 
990 ; Ostriker & Steinhardt 1995 ) because the existence of such
 corotating plane would a priori imply a significant amount of
issipation. The issue is compounded by a similar satellite plane (SP)
isco v ered around Andromeda (M31; Ibata et al. 2013 , 2014b ) and
entaurus A (Cen A; M ̈uller et al. 2018a , 2021 ), with radial velocities
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RVs) suggestive of corotation in both cases. 1 Proper motions (PMs)
ave recently become known for two M31 SP members, and indeed
ndicate that it too is likely corotating within its plane (Sohn et al.
020 ). 
Such structures are difficult to explain using dissipationless haloes 

f CDM, as first pointed out by Kroupa et al. ( 2005 ) and more recently
y P a wlowski et al. ( 2014 ), who considered and excluded a wide
ange of different proposed explanations within the � CDM context. 
or instance, accreting most satellites as a single group (Metz et al.
009b ) or along a single filament would yield some anisotropy, but
ot enough to explain the very thin MW SP (Shao et al. 2018 ). The
wo available PMs of M31 SP members are also in tension with
 CDM e xpectations because the y indicate motion nearly within the
31 SP (P a wlowski & Ton y Sohn 2021 ). Dissipationless collapse
roupa & Jerjen ( 2009a ). Hints of the Cen A SP were evident in Tully et al. 
 2015 ), but the two planes they identified were later revealed to be part of one 
hicker plane (M ̈uller et al. 2016 ). 
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f CDM haloes is therefore insufficient to account for the observed
Ps if they are composed of primordial dwarfs. Including baryonic
hysics does not change this picture very much (Ahmed, Brooks &
hristensen 2017 ; P a wlowski & Kroupa 2020 ; Samuel et al. 2021 ). 
Since dissipation in the CDM component would cause a significant

alactic DM disc that is in tension with observations (Buch, Leung &
an 2019 ), an obvious possibility is that the necessary dissipation
ccurred in baryons. Given that the MW SP is almost polar with
espect to its disc, this would require a tidal interaction with another
alaxy (P a wlowski, Kroupa & de Boer 2011 ; P a wlowski, Pflamm-
ltenburg & Kroupa 2012 ). In this scenario, the MW SP would

onsist of tidal dwarf galaxies (TDGs) that condensed out of gas-
ich tidal debris expelled during a past interaction. A similar scenario
ould have occurred around M31. The formation of TDGs has been
bserved outside the Local Group (LG), for instance around the
ntennae (Mirabel, Dottori & Lutz 1992 ) and the Seashell Galaxy

Bournaud et al. 2004 ). The LG SPs may have formed analogously.
 common origin for both LG SPs is possible as a result of a major
erger experienced by M31 (Hammer et al. 2010 ) expelling tidal

ebris towards the MW (Hammer et al. 2013 ), perhaps explaining
he high Galactocentric velocities of MW satellites (Hammer et al.
021 ). Since the M31 SP is viewed close to edge-on from our vantage
oint in the MW (Conn et al. 2013 ; Ibata et al. 2013 ; Santos-Santos,
om ́ınguez-Tenreiro & P a wlowski 2020 ), it is possible that if M31

xperienced a major merger, then some of the tidal debris expelled
rom M31 formed its SP while some reached a much larger distance
nd is now close to the MW. 

In a � CDM context, TDGs would be free of DM due to its
issipationless nature and its initial distribution in a dispersion-
upported near-spherical halo (Barnes & Hernquist 1992 ; Wetzstein,
aab & Burkert 2007 ). During a tidal interaction, DM of this form is

learly incapable of forming into a thin dense tidal tail which might
ndergo Jeans collapse into TDGs. As a result, any TDGs would
e purely baryonic and thus have only a very small escape velocity,
reventing them from subsequently accreting DM out of the Galactic
alo. For this reason, TDGs formed in the � CDM framework cannot
xplain the high observed internal velocity dispersions ( σ int ) of the
W satellites if they are in equilibrium. Non-equilibrium solutions
ere considered by Kroupa ( 1997 ), Klessen & Kroupa ( 1998 ), and
asas et al. ( 2012 ). While their proposed solutions match many
roperties of the observed MW satellites, this scenario would not
ield ele v ated σ int v alues at Galactocentric distances � 150 kpc.
atellites in such a non-equilibrium phase would also be very fragile,
equiring us to be observing them at just the right epoch prior to total
isruption but after significant tidal perturbation. These issues are
ndoubtedly a major reason why CDM-free galaxies are very rare in
he latest � CDM simulations (Haslbauer et al. 2019 ), making it very
nlikely that so many TDGs are in the LG right now around both the
W and M31. Moreo v er, postulating that most of their satellites are

DGs would mean that they have very few primordial satellites. 
This conundrum presents an open invitation to consider a different

heoretical framework in which DM is dynamically irrele v ant to
olding galaxies together against their high σ int , removing the
roblem that TDGs are expected to be free of DM. In this case,
he effects conventionally attributed to CDM must instead be due to
 non-Newtonian gravity law on galactic scales. The best developed
uch proposal is Milgromian dynamics (MOND; Milgrom 1983 ).
n MOND, galaxies lack CDM but the gravitational field strength
 at distance d from an isolated point mass M transitions from the
ewtonian g N = GM/d 2 law at short range to 

 = 

√ 

g a for g � a . (1) 
NRAS 513, 129–158 (2022) 

N 0 N 0 
OND introduces a 0 as a fundamental acceleration scale of nature
elow which the deviation from Newtonian dynamics becomes
ignificant. Empirically, a 0 ≈ 1 . 2 × 10 −10 m s −2 to match galaxy
otation curv es (RCs; Be geman, Broeils & Sanders 1991 ; Gentile,
 amae y & de Blok 2011 ). With this value of a 0 , MOND predicts

he detailed shape of galaxy RCs very well using only their directly
bserved baryonic matter (e.g. Kroupa et al. 2018a ; Li et al. 2018 ;
anders 2019 ). In particular, observations confirm the prior MOND
rediction of very large departures from Newtonian dynamics in
ow surface brightness galaxies (LSBs; McGaugh 2021 , and ref-
rences therein). More generally, there is a very tight empirical
radial acceleration relation’ (RAR) between the gravity inferred
rom RCs and that expected from the baryons alone in Newtonian
ynamics (McGaugh, Lelli & Schombert 2016 ; Lelli et al. 2017 ),
ith RCs asymptotically reaching a flatline level ∝ 

4 
√ 

M as required
y equation ( 1 ) (McGaugh 2012 ; Lelli et al. 2019 ). The observed
henomenology of galactic RCs confirm all the central predictions
f Milgrom ( 1983 ), as re vie wed in e.g. F amae y & McGaugh ( 2012 ).
MOND can also explain the X-ray temperature profile (Milgrom

012 ) and internal dynamics of elliptical galaxies (fig. 8 of Lelli
t al. 2017 ), which reveal a similar characteristic acceleration scale
o spirals (Chae et al. 2020a ; Shelest & Lelli 2020 ). At the low-

ass end, MOND is consistent with the σ int of pressure-supported
ystems like the satellites of the MW (McGaugh & Wolf 2010 ), M31
McGaugh & Milgrom 2013a , b ), non-satellite LG dwarfs (McGaugh
t al. 2021 ), Dragonfly 2 (DF2; F amae y, McGaugh & Milgrom
018 ; Kroupa et al. 2018b ), and DF4 (Haghi et al. 2019a ). These
redictions rely on correctly including the external field effect (EFE)
rising from the non-linearity of MOND (Milgrom 1986 ), which
e discuss further in Section 2.4.3 . For the more isolated galaxy
F44, the MOND prediction without the EFE is consistent with

he observed σ int profile (B ́ılek, M ̈uller & Famaey 2019 ; Haghi
t al. 2019b ). Note that the situation with the EFE is ho we ver less
lear for ultradiffuse galaxies located deep in the potential well of
alaxy clusters (Freundlich et al. 2022 ). The EFE also plays a role
n accounting for the observed weak bar of M33 (Banik et al. 2020 ),
hich is quite difficult to understand in the presence of a live DM
alo (Sell w ood, Shen & Li 2019 ) due to bar-halo angular momentum
xchange (e.g. Debattista & Sell w ood 2000 ; Athanassoula 2002 ).
his problem is related to the bar pattern speeds in galaxies, which
eem to be too slow in � CDM cosmological simulations due to
ynamical friction on the bar e x erted by the DM halo (Algorry et al.
017 ; Peschken & Łokas 2019 ; Roshan et al. 2021a , b ; though see
ragkoudi et al. 2021 ). In addition, the morphological properties of
W satellites are more easily understood in MOND as a consequence

f dif fering le vels of tidal stability (McGaugh & Wolf 2010 ). This
s because in MOND, the lack of CDM haloes and the EFE render
he satellites much more susceptible to Galactic tides, which are
ot so rele v ant in � CDM (see their fig. 6). Neglecting tides leads
o erroneous conclusions regarding the viability of MOND since it
redicts that much fewer satellites − especially at the ultrafaint end

are amenable to equilibrium virial analysis (Fattahi et al. 2018 ). 
Further work will ho we ver be necessary to make rigorous MOND

redictions in a cosmological context, which needs a relativistic
heory. A few such theories exist, with one promising proof-of-
oncept being the relativistic MOND theory of Skordis & Zło ́snik
 2019 ) in which gravitational waves travel at the speed of light. Such
heories allow MOND calculations of weak gravitational lensing
y foreground galaxies in stacked analyses (e.g. Brimioulle et al.
013 ), which so far seems to agree with expectations (Milgrom
013 ; Brouwer et al. 2017 , 2021 ). At larger distances from the
entral galaxy, the EFE from surrounding structures would cause the
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ravity law to become inverse square and to depart from spherical 
ymmetry (Banik & Zhao 2018a ), which may explain some recent 
bservations (Schrabback et al. 2021 ). More detailed calculations 
ould require knowledge of how large-scale structure forms in a 
ilgromian framework and the resulting EFE on galaxies. This 

s a critical next step for MOND, though care is required when
omparing with observations as these could have a rather different 
nterpretation to what is usually assumed. One possible smoking gun 
ignature of MOND in weak lensing convergence maps would be 
he disco v ery that the convergence parameter is ne gativ e in some
egions (Oria et al. 2021 ). This cannot arise in GR and is possible
nly in gravitational theories that are non-linear in the weak-field 
egime. 

At this stage, general statements can ho we ver already be made
bout a MONDian cosmology, in which the key difference with 
 CDM would be faster structure formation (Sanders 1998 ). This
ight be rele v ant for the so-called Hubble tension, i.e. the fact that,

o fit the anisotropies in the cosmic microwave background (CMB; 
iola et al. 2020 ; Planck Collaboration VI 2020 ), � CDM requires a

ocal Hubble constant H 0 below the directly measured value at high 
ignificance based on multiple independent techniques (e.g. Riess 
020 ; Di Valentino 2021 ; Riess et al. 2021b ). This tension could
e due to our position within a large local supervoid underdense 
y ≈ 30 per cent out to a radius of ≈300 Mpc. Such a large and
eep underdensity has indeed been observed in multiple surv e ys
nd is called the KBC void after its disco v erers (Keenan, Barger &
owie 2013 ). This is incompatible with � CDM at 6.04 σ , one major

eason for the high significance of the tension being that the rele v ant
bservations co v er 90 per cent of the sky (Haslbauer, Banik & Kroupa
020 ). Ho we ver, a KBC-like void could arise naturally in a MOND
osmology supplemented by light sterile neutrinos playing the role of 
ot DM (HDM), as proposed by Angus ( 2009 ). The main feature in
he Haslbauer et al. ( 2020 ) void scenario is faster structure formation
han in � CDM. From an observational point of view, this is also
vident in the properties of the high-redshift interacting galaxy cluster 
l Gordo (Asencio, Banik & Kroupa 2021 ). The lack of analogues to
l Gordo at low redshift could well be due to our location within the
BC void, which might also explain why the MOND simulations of
ngus et al. ( 2013 ) seemingly o v erproduced massiv e clusters when

omparing their whole simulation volume with low-redshift data 
ets. Therefore, MOND with HDM could potentially account for 
stronomical observations ranging from the kpc scales of galaxies 
where HDM would play no role; Angus 2010 ) all the way to the Gpc
cale of the local supervoid, without causing any obvious problems in 
he early Universe or in galaxy clusters (Angus, Famaey & Diaferio 
010 ). It is also possible to fit the CMB in MOND without any sterile
eutrino component (Skordis & Zło ́snik 2021 ), though it is unclear
hether this approach can explain the properties of galaxy clusters. 
or a recent re vie w of MOND that considers evidence from a wide
ange of scales and discusses the cosmological aspects in some detail, 
e refer the reader to Banik & Zhao ( 2022 ). 
Concerning the history of the well-observed LG, MOND implies 

 very strong mutual attraction between the MW and M31. Acting 
n their almost radial orbit (van der Marel et al. 2012 ), this leads
o a close encounter 9 ± 2 Gyr ago (Zhao et al. 2013 ), consistent
ith the timing of a few other events putatively linked to the flyby

Section 4.2 ). An N -body simulation of this interaction showed that
t is likely to yield anisotropically distributed tidal debris reminiscent 
f an SP (B ́ılek et al. 2018 ). Around the same time, Banik, O’Ryan &
hao ( 2018 , hereafter BRZ18 ) considered a wider range of orbital
eometries using a less computationally intensive restricted N -body 
pproach in which the MW and M31 were treated as point masses
urrounded by test particle discs. 2 Their section 2 demonstrated 
hat the MW–M31 trajectory is consistent with negligible peculiar 
elocity in the early universe, a constraint known as the timing
rgument (Kahn & Woltjer 1959 ). Despite lacking hydrodynamics 
r disc self-gravity, the initial setup of each galaxy as a rotating
isc was sufficient to cause significant clustering of the tidal debri
rbital poles. In some models, the preferred directions aligned with 
he actually observed orbital poles of the LG SPs. Therefore, these
tructures could well have formed as TDGs that condensed out of
idal debris orbiting in the correct plane. Indeed, B ́ılek et al. ( 2021 )
onclude that all satellite galaxies in the LG SPs are TDGs based on
he earlier simulations of B ́ılek et al. ( 2018 ). 

TDGs are expected to be more resilient in MOND due to
heir enhanced self-gravity, as explored with earlier high-resolution 
ydrodynamical MOND simulations (Renaud, F amae y & Kroupa 
016 ). Besides helping them to survive, this would also explain the
igh observed σ int of satellite galaxies around the MW (McGaugh & 

olf 2010 ) and M31 (McGaugh & Milgrom 2013a , b ). Ho we ver, the
nhancement to the self-gravity would typically be less than provided 
y a CDM halo, leading to a greater degree of tidal susceptibility in
OND. This is more in line with the observed morphologies of LG

atellites (McGaugh & Wolf 2010 ). 
A key distinguishing characteristic of more recently formed TDGs 

s their high metallicity for their mass (Duc et al. 2014 ). Ho we ver,
his relies on a long process of metal enrichment in the disc of the
rogenitor galaxy. When considering a very ancient interaction, there 
ight not have been enough time for such an enrichment (Recchi,
roupa & Ploeckinger 2015 ), especially as TDGs are expected to

orm out of material that was initially several disc scale lengths
ut ( BRZ18 ). This could explain why the M31 satellites within
nd outside its SP have similar properties, including in terms of
etallicity (Collins et al. 2015 ). 
A past MW–M31 flyby also has interesting consequences for 

he rest of the LG. Due to the high MW–M31 relative velocity
round the time of their flyby, they would likely have gravita-
ionally slingshot several LG dwarfs out at high speed. As dis-
ussed further in Section 4.2.2 , this could lead to the existence
f LG dwarfs with an unusually high RV in a � CDM context,
uch as the dwarfs in the NGC 3109 association (P a wlowski &

cGaugh 2014 ; Peebles 2017 ). These could be backsplash from
he MW–M31 flyby, a scenario that was considered in detail by
anik & Zhao ( 2018c ). Backsplash galaxies also exist in � CDM,
ut very rarely have properties resembling NGC 3109 (Banik 
t al. 2021 ). 

In this contribution, we build on the earlier studies of B ́ılek et al.
 2018 ) and BRZ18 by conducting 3D hydrodynamical MOND sim-
lations of the flyby using PHANTOM OF RAMSES ( POR ; L ̈ughausen,
 amae y & Kroupa 2015 ; Nagesh et al. 2021 ). Our main objective

s to vary the MW–M31 orbital pole and pericentre distance to find
f there are models where the tidal debris around each galaxy aligns
ith its observed SP. Achieving this simultaneously for both the 
W and M31 is a highly non-trivial test of the past flyby scenario.
e also check if their discs are preserved and end up with realistic

roperties. 
In the following, we describe the initial conditions and setup of

ur simulations (Section 2 ). We then present our results and analyses
egarding the MW–M31 trajectory (Section 3.1 ) and proper motion 
PM; Section 3.2 ), the tidal debris (Section 3.3 ), and the MW and

31 disc remnants (Section 3.4 ). We discuss our results in Section 4
MNRAS 513, 129–158 (2022) 
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Table 1. Our adopted cosmological parame- 
ters (Planck Collaboration XVI 2014 ), with 
0 subscripts denoting present values. We as- 
sume a standard flat background cosmology 
and neglect other components as we are not 
considering the very early universe. 
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nd conclude in Section 5 . Videos of the LG in our best-fitting
imulation with frames every 10 Myr are publicly available. 3 

 M E T H O D S  

.1 Poisson equation 

he simulations presented in this paper are conducted with POR ,
hich solves the governing equation of QUMOND: 

∝ ρeff ≡ ρPDM + ρ
b ︷ ︸︸ ︷ 

∇ · g = ∇ · [g N ν
(
g N 

)]
, (2) 

here g N is the Newtonian gravity determined from the baryonic
ensity ρ

b 
using standard techniques, v ≡ | v | for any vector v , and

g is the true gravity. It is often helpful to think of what density
istribution would lead to this g under Newtonian gravity. The re-
uired ef fecti ve density ρeff ≡ ρPDM + ρ

b 
, where ρPDM is the phantom

ark matter (PDM) density which captures the MOND corrections.
quation ( 2 ) is derived from a non-relativistic Lagrangian (Milgrom
010 ), so QUMOND obeys the usual conservation laws regarding
nergy and momentum. This is also true of an earlier version
Bekenstein & Milgrom 1984 ), though we do not consider it here as
t is computationally less efficient due to a non-linear grid relaxation
tage. 

To solve equation ( 2 ), we must assume an interpolating function
between the Newtonian and Milgromian regimes. In spherical

ymmetry, this has the effect that g = νg N , softening the transition
etween the Newtonian inverse square law and equation ( 1 ). In
his work, we use the ‘simple’ form of the interpolating function
F amae y & Binney 2005 ): 

(
g N 

) = 

1 

2 
+ 

√ 

1 

4 
+ 

a 0 

g N 
. (3) 

his is numerically rather similar to the function used by McGaugh
t al. ( 2016 ) and Lelli et al. ( 2017 ) to fit galaxy RCs, but can be
nverted analytically. Other reasons for using this function were
iscussed in section 7.1 of Banik & Zhao ( 2018d ) in preference
o functions with a sharper transition. Equation ( 3 ) is quite accurate
or g N ≈ ( 0 . 1 − 10 ) a 0 as rele v ant for the MW–M31 flyby problem,
ut Solar System constraints imply that a more rapid convergence to
he Newtonian result is required for g N � a 0 (Hees et al. 2014 , 2016 ).
o we ver, the precise nature of this convergence is not important if

he rele v ant quantity is g rather than merely its de viation from g N . 
For the computation of g N , we use the standard boundary condition

hat the Newtonian potential at large distance is 

 N = −GM 

r 
, (4) 

here G is the Newtonian gravitational constant, M is the total mass
ithin the simulation volume, and r is the position relative to its
arycentre. The boundary condition for the true potential � will be
iscussed in Section 2.4 based on equations ( 11 ) and ( 14 ). 

.2 Treatment of the MW–M31 orbit 

n important aspect of our simulations is choosing an appropriate
nitial position and velocity for the MW and M31 disc templates
o be discussed in Section 2.3 . We do this using a semi-analytical
ackwards integration (hereafter SAM) very similar to that used in
NRAS 513, 129–158 (2022) 

 https://seafile.unistr a.fr /d/6bb8e94212764324868e/

r  

b  

s  
ection 2 of BRZ18 , to which we refer the reader for a detailed
iscussion of the time evolution of the MW–M31 separation d ( t ) .
riefly, their separation d in physical coordinates (used throughout

his paper) is go v erned by 

¨
 = 

ä 

a 
d − g + 

h 

2 

d 3 
, (5) 

here a is the cosmic scale factor, h is the angular momentum with
agnitude h and direction ̂  h (the orbital pole), g is the radially inward

omponent of the mutual gravity between the MW and M31, and an
 v erdot denotes a time deri v ati ve. The term involving a is present
n a homogeneously expanding universe, but g and h are zero in
his case. As discussed in section 3.1.1 of Haslbauer et al. ( 2020 ),
e adopt a standard Planck cosmology (Planck Collaboration XVI
014 ) at the background level (Table 1 ). MOND can in principle
xplain the high locally measured H 0 (e.g. Di Valentino 2021 ; Riess
t al. 2021a ) as arising from outwards peculiar velocities induced
y the observed KBC void (Keenan et al. 2013 ), so our choice of
osmological parameters should be consistent with both early and
ate Universe probes of the expansion rate. 

The angular momentum barrier h 2 / d 3 is necessary to prevent an
nrealistic direct collision between the MW and M31. Ho we ver,
AM is a timing argument analysis constrained to give zero peculiar
elocity when a = 0.1, which implies h = 0 then. We square this
ircle by assuming h = 0 prior to first apocentre, after which h
nstantaneously jumps to a particular value that remains fixed until
oday. The discontinuous behaviour of h occurs at a time when
he angular momentum barrier is least important to the trajectory,

inimizing numerical effects. Physically, it would be reasonable
f h was mostly gained from tidal torques around the time of
pocentre, but the more recent apocentre would be less rele v ant
ue to cosmic expansion driving external perturbers much further
rom the LG (Section 3.2.1 ). Importantly, our primary objective in
his contribution is to conduct POR simulations of the flyby. These
re initialized 1 Gyr before the flyby, which is safely after the jump
n h . 

The calculation of g is rather complicated − we summarize only
he main points here, and refer the reader to BRZ18 for a detailed
iscussion. In the absence of any other bodies and assuming the deep-
OND limit (gravitational fields � a 0 ), we get a mutual gravity of 

 iso = 

Q 

√ 

GMa 0 

d 
, (6) 

 = 

2 
(

1 − q MW 

3 
2 − q M31 

3 
2 

)
3 q MW 

q M31 

, (7) 

here M is the total mass of the MW and M31, of which a fraction q 
i 

esides in galaxy i . The parameter Q accounts for the finite mass ratio
etween the MW and M31 (Zhao, Li & Bienaym ́e 2010 ). Roughly
peaking, it is caused by the PDM halo of one galaxy being reduced

https://seafile.unistra.fr/d/6bb8e94212764324868e/
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n mass due to gravity from the other galaxy, which is a manifestation
f the EFE. We assume that q MW 

= 0 . 3 and q M31 = 0 . 7 (consistently
ith BRZ18 ), so Q = 0.7937. 
When the MW and M31 are near pericentre, it is less accurate

o assume the deep-MOND limit. Ho we ver, the higher g allo ws us
o neglect the relatively much weaker EFE on the whole LG, so
e consider it as an isolated two-body problem where we get g
umerically. Such Newtonian corrections are expected to have only 
 minor impact on our results because only a small portion of the
AM trajectory is subject to them. 
When the MW and M31 are near apocentre, we expect the EFE

rom large-scale structure to be important (Section 2.4.3 ). In the 
imit where g ext � g iso , we can use the external field (EF)-dominated
nalytical solution found by Banik & Zhao ( 2018a ) to get that 

 EFE = 

GMa 0 

d 2 g ext 

(
3 + cos 2 θ

4 

)
, (8) 

here θ is the angle between d and the EF g ext . In reality, d is
ever large enough for g ext to dominate, requiring an interpolation 
etween the isolated and EF-dominated re gimes. We achiev e this
sing equation (14) of BRZ18 , which is a fit to numerical results for
he case θ = 0. 

In addition to considering a uniform g ext , we also follow the 
RZ18 approach to include the tidal effect of M81, IC 342, and
en A. Since in each case their gravity on the LG is �g ext from
ore distant structures (see their section 2.3.1), we can superpose 

he gravitational field of each perturber on the LG. 4 

For simplicity, we assume that h is constant in SAM except for the
bo v e-mentioned discontinuity at first turnaround, which occurs well 
efore our POR simulation starts. Our POR calculations would miss 
hanges in h due to tidal torques from perturbers beyond the LG, but
e will show later that such effects are quite small (Section 3.2.1 ).
e therefore e xpect an y changes in h to arise mostly from the EFE

Section 3.2.2 ) and from torques on the MW–M31 orbit during the
yby. Neither effect is included in SAM, but both are included in
OR . Since the MW–M31 orbit is nearly radial, changes in h should
ave little effect on the timing argument, which is the main purpose
f SAM. 
In summary, we will hereafter use the present MW–M31 separa- 

ion, direction, and mutual RV as present-day constraints on the 
AM. We vary their orbital pole and mutual two-body angular 
omentum magnitude to match the observed SP orbital poles. 
onstraints on the PM of M31 will not be taken into account in

his process. 

.3 Disc templates 

AM can only tell us the initial position and velocity of the MW
nd M31 discs. We therefore complement SAM with a system to 
enerate a Milgromian disc template, to which we then apply the 
ppropriate rotation and Galilean transformation. We generate two 
table isolated Milgromian discs using the procedures described in 
anik et al. ( 2020 ), i.e. by using our adapted version of the Newtonian
ode DISK INITIAL CONDITIONS ENVIRONMENT ( DICE ; Perret et al. 
014 ). The MW and M31 are assumed to hav e e xponential surface
ensity profiles, moti v ated by the fact that disc galaxies usually
ave an exponential radial profile (Freeman 1970 ), which arises 
aturally with about the right mass–size relation when spherical 
 MOND becomes a linear gravity theory if the EFE dominates (Banik & 

hao 2018a ). 

i  

t
t
i  
as clouds collapse under MOND gra vity (Wittenb urg, Kroupa &
 amae y 2020 ). We implicitly assume that at the start time of our
imulations ≈8 Gyr ago (redshift z ≈ 1), the MW and M31 discs had
lready formed with nearly their present masses. Thin rotationally 
upported disc galaxies do exist at even higher redshift (Lelli et al.
018 , 2021 ; Neeleman et al. 2020 ; Rizzo et al. 2020 ). The relatively
solated nature of the LG (e.g. Banik et al. 2021 ) suggests that
ts major galaxies might well have attained nearly their present 

ass rather early in cosmic history, especially in a framework with
nhanced long-range gravity (Peebles & Nusser 2010 ) where mergers 
re less common due to the lack of dynamical friction between
xtended CDM haloes (Kroupa 2015 ; Renaud et al. 2016 ). This
s quite plausible given the difficulty faced by the � CDM paradigm
n explaining the high observed fraction of thin disc galaxies, which
ould be due to mergers being too frequent in this framework (Peebles 
020 ; Haslbauer et al. 2022 ). 
The orientation, barycentre position, and velocity of each disc are 

et to the desired initial values by applying a rotation and Galilean
ransformation to its particles using an adapted version of the RAMSES

atch known as condinit . This also assigns the density and
elocity of each gas cell (Teyssier, Chapon & Bournaud 2010 ). To
 v oid severe thermal effects when the MW and M31 encounter each
ther, we use the same gas temperature of T 2 I SM = 4 . 65 × 10 5 K
465 kK) for both galaxies. We set a temperature floor of T 2 star =
 . 8 T 2 I SM and disable star formation and metallicity-dependent
ooling, since at this exploratory stage we are mainly trying to
eproduce the observed orientations of the LG SPs. If a suitable
ncounter geometry can be found, then it would be worthwhile to
onduct a more detailed simulation with realistic star formation and 
tellar feedback prescriptions. Ho we v er, this is be yond the scope of
his work. 

Unlike the POR simulations of M33 in Banik et al. ( 2020 ), an
mportant aspect of the present POR simulations is that we need to
onsider the outer parts of the simulated discs in much greater detail
ecause we expect these regions to be the original source material
or the SPs. Indeed, the restricted N -body models of BRZ18 showed
hat the SPs mainly consist of material at an initial galactocentric 
istance of ≈50 kpc (see their figs 6 and 7). Material at such a
arge distance would be very poorly resolved with a computationally 
easible number of equal mass particles. Therefore, we devise a 
rocedure to vary the stellar particle mass in our disc templates so
s to maintain a good resolution in the outer parts (see Appendix A ).
ear the disc centre, the particle mass is approximately constant 

t 6 × 10 5 M 	 (1.4 × 10 6 M 	) for the MW (M31). Each disc
emplate consists of 5 × 10 5 particles. The spatial resolution of the
OR gravity solver also needs to be sufficient − this is discussed
urther in Section 2.6 . The resolution is 1.5 kpc in the best-resolved
egions, though we show that improving this to 0.75 kpc has little
ffect on our results (Appendix E ). 

.3.1 Initial disc parameters 

he rotation curve of each disc template is calculated using MOND
ravity with the present value of a 0 , since throughout this work we
ssume that a 0 remains constant with time. Therefore, the initial 
W and M31 discs would lie on the RAR defined by nearby

alaxies. Possible consequences of a time-varying a 0 were discussed 
n Milgrom ( 2015 ) and section 5.2.3 of Haslbauer et al. ( 2020 ),
hough we do not consider this here for simplicity. Constraining 
he evolution is challenging observationally because, amongst other 
ssues, it is not yet possible to use 21-cm observations of neutral
MNRAS 513, 129–158 (2022) 
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M

Table 2. Parameters of the MW and M31 discs, each consisting of 5 × 10 5 

particles. Both galaxies have an initial gas temperature of 465 kK and a gas 
fraction of 0.5, which in the MW case is achieved by converting all of its 
more extended component and part of its less extended component into gas. 
Thus, the Galactic gas disc has a double exponential profile, while the stellar 
disc is a single exponential. We adopt an outer limit of 100 kpc for the M31 
discs and for the more extended MW component, while 40 kpc is used for its 
less extended component. This is ≈25 scale lengths in all cases. The initial 
spin vector of each disc is given in Galactic coordinates ( l , b ). 

Galaxy and MW MW M31 M31 
component inner outer stars gas 

Total mass 9 . 15 × 10 10 M 	 2 . 135 × 10 11 M 	
Fraction of mass 0.8236 0.1764 0.5 0.5 
Gas fraction 0.3929 1 0 1 
Scale length (kpc) 1.29 4.2 4.24 4.24 
Aspect ratio 0.15 0.0461 0.15 0.15 
Disc spin vector ( 55 . 11 ◦, −84 . 89 ◦) ( 238 . 38 ◦, −33 . 71 ◦) 
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ydrogen to obtain rotation curves in the distant Universe, so
he H α line is typically used instead. The high- z rotation curve
ata of Genzel et al. ( 2017 ) are quite consistent with a time-
ndependent a 0 , which sets some limits on its evolution (Milgrom
017 ). Other works also suggest that high- z galaxies are consistent
ith MOND (Stott et al. 2016 ; Harrison et al. 2017 ; Genzel et al.
020 ; Sharma et al. 2021 ). Tighter constraints on this issue would be
aluable to better understand the possible theoretical underpinnings
f MOND, and more generally to test its prediction that isolated
alaxies in dynamical equilibrium at an y fix ed redshift lie on a tight
AR. 
We assume that the present MW and M31 disc scale lengths are

s given in table 3 of BRZ18 . When setting up their discs at the
tart of our simulation, we scale their present lengths by 0.8 for

31 and 0.6 for the MW. Starting with smaller discs is required to
llow them to expand after the flyby to reach a realistic present-day
onfiguration, and is also in line with the observ ed e xpansion of
he stellar component of galaxies o v er cosmic time (Sharma et al.
021 ). We use the DICE setting Q lim = 1 . 25 to ensure that all
isc components have an initial Toomre parameter Q ≥ 1.25, with
he MOND generalization of the Toomre condition (Toomre 1964 )
iscussed further in section 2.2. of Banik et al. ( 2020 ). The initial
arameters of each disc are summarized in Table 2 . 
Gas dissipation in the tidal tails is likely important to obtaining

hin SPs. While we cannot include this process as rigorously as we
 ould lik e due to numerical limitations, it is certainly not appropriate

o assume that the pre-flyby MW and M31 had a similar gas fraction
o what we observe. Both discs are assigned an initial gas fraction of
.5 because the flyby was ≈7–9 Gyr ago (Zhao et al. 2013 ), when the
as fractions were likely much higher than today (Stott et al. 2016 ).
hemical evolution modelling of the MW indicates a gas fraction of
0.5 at that time (fig. 8 of Snaith et al. 2015 ). For simplicity, we use

he same gas fraction for M31. 
The stellar and gas discs of M31 are assumed to have the same

cale length of 4.24 kpc, so we request only one disc component in the
31 namelist for the hydrodynamical version of DICE . For the MW, a

ouble exponential profile is assumed, so two components are defined
t that stage. The outer (more extended) component corresponds to
ts gas disc today, so we assume this was entirely gas at the start of
ur simulation. Ho we ver, it only comprises 17.64 per cent of the total
W mass (Banik & Zhao 2018b ), so we also convert a substantial

raction of the inner (less extended) MW component into gas to get
 total gas fraction of 0.5. 
NRAS 513, 129–158 (2022) 
The aspect ratios of the M31 disc and the inner MW disc are set to
.15, so the inner MW component has a vertical density profile with
 characteristic sech 2 scale height of 193.5 pc. The outer MW disc
omponent is set to an aspect ratio of 0.0461 so that both components
ave the same scale height in pc. For both galaxies, the radial run of
he gas disc scale height is then found by DICE to ensure it is as close
o equilibrium as practicable following section 2.3 of Banik et al.
 2020 ). They also described how particles in the DICE template are
ritten out with a reduced mass or not at all, with the remo v ed mass
ut back in as gas through the condinit routine in POR to ensure the
orrect gas fraction. Therefore, our hydrodynamical MOND version
f DICE does not yield an equilibrium disc template by itself − it
ust be carefully combined with a modified version of POR . All the

lgorithms we use are publicly available 5 for reproducibility, with an
ccompanying user manual (Nagesh et al. 2021 ). 

Since it is not possible to guarantee that our disc templates are
xactly in equilibrium initially, we start our simulation 1 Gyr before
he expected time of the flyby that we found semi-analytically in
ection 2.2 . The initial thickness profiles of the MW and M31 gas
iscs (shown in Fig. B1 ) are similar to that used by Banik et al.
 2020 ) in their 100 kK model of M33. 

We expect the MW and M31 discs to precess slightly from
heir initial orientations (see section 3.1 of BRZ18 ). Therefore, the
bserved orientations of the MW and M31 discs differ slightly from
ur adopted initial orientations, which are given in final Galactic
oordinates ( l , b ) in Table 2 . We use this system throughout this
rticle when specifying directions of vectors − it is the system used in
he simulation. To iteratively correct for disc precession, we find the
otation matrix between the final simulated and observed orientation
f each disc, and then apply the inverse of this rotation to the observed
rientation to initialize the next simulation. We will see later that the
nal simulated orientation of each disc agrees quite closely with
bservations after just one such iterative correction (Section 3.4 ). 

.4 Adding features to POR 

he SAM procedure discussed in Section 2.2 is very accurate for
ollowing the o v erall behaviour of d ( t ), but insufficient to model
idal debris generated by the interaction. This is the main purpose of
he POR simulations we will conduct in this paper. There are some
light differences between the physics considered in SAM and in
OR , which we try to rectify by adding features to POR and adjusting
he initial conditions. 

.4.1 An allowance for tides 

ides from objects outside the LG are not directly included in the POR

imulations, but are considered in SAM to estimate the flyby time
s accurately as possible. To approximately include tides in POR , we
stimate the amount of energy gained by the MW–M31 system due to
idal compression in the 1 Gyr preceding the flyby, which we estimate
irectly from SAM using information on the forces caused by each
erturber. This energy is put into the radial component of ḋ at the
tart of our POR simulation, which has the effect of slightly increasing
ow quickly the MW and M31 are approaching each other at that
ime. Our POR models neglect the impact of tides after the flyby,
hich is justified as the perturbers are much further apart then due

o cosmic expansion. 

https://bitbucket.org/SrikanthTN/bonnpor/src/master/
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.4.2 Dark energy 

he present MW–M31 separation of 783 kpc (McConnachie 2012 ) 
s large enough that our POR model should include the cosmological 
erm in equation ( 5 ). This partly consists of a decelerating term
ue to matter, which is included automatically because the LG 

ass mainly resides in the MW and M31, which we directly 
nclude. At late times, there is also an outwards repulsion from dark
nergy. We include this while operating RAMSES in non-cosmological 
ode, since this is required by the POR patch. For some dark

nergy parameter �� , 0 , the idea is to create an extra repulsive 
orce 

 g = H 0 
2 ��, 0 r , (9) 

here r is the position relative to the barycentre. 
We can reproduce equation ( 9 ) with a standard Poisson solver if

e adjust the density and boundary condition. Since we want g N to 
e calculated in a standard way so that it is correctly MONDified,
e apply the density increment only to the PDM: 

ρPDM = −3 H 0 
2 ��, 0 

4 πG 

. (10) 

 or consistenc y, we also adjust the boundary potential for only the
OND stage by 

� = −H 0 
2 ��, 0 

2 
. (11) 

quations ( 10 ) and ( 11 ) are implemented by appropriate adjust-
ents to the POR algorithm, thereby yielding equation ( 9 ) in the

nterior. 
The impact of dark energy on the MW–M31 dynamics is quite 

mall in MOND as their mutual gravity is ≈30 × stronger than 
he cosmological acceleration term in equation ( 5 ) (table 10 of
RZ18 ). We none the less include it for completeness. The fact

hat the cosmological acceleration is small compared to the internal 
ravity means that our results are robust with respect to uncertainty 
egarding how MOND should be applied in a cosmological context 
the ‘Hubble field effect’ discussed in section 5.2.3 of Haslbauer et al.
020 ). It is ho we ver possible to make some plausible assumptions
nd simulate systems where the average enclosed density differs only 
lightly from the cosmic mean, as done in that work and in several
thers (e.g. Katz et al. 2013 ; Candlish 2016 ). 

.4.3 The external field effect (EFE) 

s discussed in section 2 of BRZ18 , the EFE from large-scale
tructure has a significant effect on the LG gravitational field when the 

W and M31 are close to apocentre, where they spend a significant
mount of time. The EFE is a non-standard phenomenon caused 
y the non-linearity of MOND (equation 1 ). It leads to the internal
ravitational dynamics of a system being affected by g ext even in the 
bsence of tidal effects (Milgrom 1986 ). Strong evidence for the EFE
n field galaxies was recently reported by Chae et al. ( 2020b , 2021 )
y comparing the RCs of galaxies in isolated and more crowded 
nvironments (building on similar earlier work; Haghi et al. 2016 ; 
ees et al. 2016 ). 
In the QUMOND approach where we must first get g N , the main

hange is to add the Ne wtonian-equi v alent external field to the
ewtonian gravity sourced by the system under study. 

g N → g N + g N , ext . (12) 
ssuming that g ext is sourced by a distant point-like object, we get
hat 

g N , ext 

νext ︷ ︸︸ ︷ 
ν
(
g N , ext 

) = g ext . (13) 

f we know the EF g ext , this can be inverted to obtain g N , ext . 
Once we have adjusted g 

N 
according to equation ( 12 ), we use it to

nd ∇ · g using equation ( 2 ) as before. The reason is that this applies
o the Newtonian gravity sourced by matter both within and beyond
he simulated domain, the extent of which is an arbitrary decision
hat should have no bearing on the result. 

Including the EFE also requires us to change the boundary condi-
ion, but only for the MOND stage since the internal dynamics and
xternal field are fully separable in Newtonian gravity. For simplicity, 
he boundary should be in some asymptotic regime where g has a
ell-understood analytical behaviour. Normally, it is sufficient for 

he boundary to be distant enough that the simulated system can be
pproximated as a point mass. If there is also a non-negligible EFE,
hen the simplest option is to choose a boundary where g ext is much
tronger than the internal gravity of the system. Its internal potential
hen becomes EF-dominated (e.g. Banik & Zhao 2018a ): 

 = −GMνext 

r 

(
1 + 

K 0 

2 
sin 2 θ

)
, (14) 

 0 ≡ ∂ ln νext 

∂ ln g N , ext 

, (15) 

here M is the total mass within the simulation volume, r is the
osition relative to its barycentre, and θ is the angle between r and

g ext . Due to the 1/ r dependence and the fact that potentials from
ifferent sources can be superposed in this perturbative framework, 
he result is reminiscent of standard Newtonian mechanics, so the 
F-dominated regime is also known as the quasi-Newtonian regime. 
ote that equation ( 14 ) alone is not our boundary condition because
e also include a dark energy adjustment (equation 11 ). 
For the Newtonian stage of solving the QUMOND Poisson 

quation, we continue to use a boundary potential of −GM / r , ignoring
he constant g ext . This means that our simulations consider the 
nternal dynamics in a freely falling reference frame accelerating 
t g ext , whose rele v ance to the internal dynamics is a violation of the
trong equi v alence principle. 

For simplicity, we keep g ext fixed over the course of our POR

imulation. Ho we ver, to maximize the accuracy of the overall MW–
31 trajectory, SAM uses a time-dependent g ext as described in 

ection 2.2 of BRZ18 . In both cases, we follow the approach in
hat paper of assuming that today, g ext = 0 . 022 a 0 directed towards
alactic coordinates ( 276 ◦, −30 ◦) , the direction in which the LG 

resently mo v es relativ e to the CMB (Kogut et al. 1993 ). This
irection is assumed fixed throughout cosmic history. 

.5 Iterati v e orbit adjustment 

espite our best attempts to ensure SAM and POR handle the flyby
roblem as similarly as possible, the two algorithms none the less use
ery different techniques. Thus, advancing the SAM-generated initial 
onditions using POR does not quite yield the presently observed 
 or its direction ̂ d . In the presence of an EFE, the late-time ̂ d 
ffects the torque e x erted by the EFE on the MW–M31 system
Section 3.2.2 ), which in turn influences the present PM of M31.

oreo v er, an incorrect final ̂  d suggests that the flyby took place in
 different orientation to how it occurred in the simulation, which
ould influence the SPs. 
MNRAS 513, 129–158 (2022) 
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Table 3. Present-day constraints imposed on SAM, 
which does a backwards integration. The tangential 
velocity of M31 is varied to best match the observed 
SP orbital poles. 

Initial MW–M31 . . . Value 

distance 783 kpc 
direction (121.17 ◦, −21.57 ◦) 
RV −93.4 km s −1 
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To ensure the final ̂ d matches the observ ed sk y position of M31
s accurately as possible, we find the rotation matrix that takes the
bserved ̂ d to the simulated final value. We then rerun SAM with
he inverse of this rotation applied to the presently observed ̂ d and
he relative velocity ḋ used in the previous SAM simulation. The
dea is that if ̂ d ends up 10 ◦ further north than observed, then we
an get approximately the correct final ̂ d by running SAM with
 present ̂ d that lies 10 ◦ south of the actually observed direction
owards M31, because there is some additional physical effect in
OR but not in SAM that pushes ̂  d further north by 10 ◦. The initial
onditions generated in this way are used to rerun the POR simulation.
e find that just one such iteration allows us to match the observed
 d to within a few degrees, which we consider sufficient. 

.6 Simulation setup and initial conditions 

.6.1 SAM 

e begin by running SAM with the constraints given in Table 3 . The
ain model parameters that we vary are: 

(i) the MW–M31 orbital pole ̂  h , and 
(ii) the magnitude h of their mutual two-body angular momentum.

As discussed in section 5.1.3 of BRZ18 , we account for reflex
otion induced by the Large Magellanic Cloud (LMC) on the MW

nd by M33 on M31, leading to a present RV of ḋ = −93 . 4 km s −1 . 6 

e keep ḋ fixed, but vary the present tangential velocity v tan used
n SAM, which does a backwards integration. Changing h mainly
ffects the perigalacticon distance, but does not much alter the
elative speed then. Varying ̂ h allows us to consider a wide range
f possible orbital geometries. While our priority is to match the SP
rientations, we subsequently compare our best-fitting model with
he observed PM of M31 (Section 3.2 ). Interestingly, if we neglect
oth considerations, the timing argument alone sets some constraints
n ̂  h because perturbers like Cen A have a different influence on the
nternal dynamics of the LG depending on ̂ d prior to the flyby. As
 result, the timing argument mass of the LG is too high for a large
ange of ̂  h , which renders the models unlikely as the MOND timing
rgument mass should correspond to the baryonic mass (section 5.1.3
f BRZ18 ). 
The model parameters which we explore are the same as in

RZ18 , except that we do not vary the EF. It was indeed shown
hat varying the EF within the plausible range has only a small
mpact on the final results, which is likely due to the well-known LG
NRAS 513, 129–158 (2022) 

 Although the LMC should form out of tidal debris expelled during the flyby, 
ur model does not form individual TDGs. The simulated Galactic disc thus 
oes not experience recoil from an orbiting massive satellite, as it might do in 
 more advanced model. Since the timing argument is sensitive to the gravity 
etween the MW and M31, an y massiv e satellites should be included in the 
ass and velocity of each galaxy. 

o  

d  

i  

7

o
(

elocity in the CMB frame setting some constraint on the history
f g ext . We therefore use the best-fitting model of BRZ18 in which

g ext = 0 . 022 a 0 directed towards Galactic coordinates ( 276 ◦, −30 ◦)
t the present time. To make the MW–M31 trajectory as realistic as
ossible, the g ext assumed in SAM varies with time, as discussed
n their section 2.2. Ho we ver, implementing a time-varying g ext in
OR would involve significant complications, so this uses the present

g ext for the full duration of the simulation. The EFE is not expected
o influence details of the MW–M31 interaction, but causes them
o reach a larger apocentre at late times by weakening their mutual
ravity. As a result, the main role of the EFE is to alter the timing of
he MW–M31 flyby, which sets the time available for the tidal debris
o settle down after the flyby. We therefore prioritize making the
yby time as accurate as possible in our POR models, which requires
 carefully prepared SAM. Due to these slight differences and the
ore rigorous treatment of the flyby in POR , the MW–M31 trajectory

s expected to differ somewhat compared to SAM. We do not run
he POR simulations for a different length of time than that indicated
y SAM in order to obtain a better agreement with the observed
istance to M31, so this is expected to dif fer some what from the
bserved 783 ± 25 kpc (McConnachie 2012 ). 
It is important to realize that although the final M31 distance in POR

eed not match observations e xactly, requiring ev en an approximate
atch places non-trivial constraints on our model. This is because
 very close encounter would lead to significant dynamical friction
etween the baryonic discs, causing a very low apocentre and a
ubsequent merger within a few Gyr. This possibility was neglected
n the models of BRZ18 , where the d ( t ) returned by SAM was
ssumed to be exactly correct. In general, a hydrodynamical model
f the interaction is obviously a significant advance on the previous
estricted N -body models, even if the much higher computational
ost reduces the scope for fine-tuning to match certain observables
o high precision. We tried ≈30 POR models to obtain a good fit to
he SP orientations, which we judged visually. 7 

.6.2 POR 

ur POR simulations use very similar settings to those described
n section 2.4 of Banik et al. ( 2020 ), so we briefly mention the
ain points here. We use the non-cosmological particle-in-cell mode,

cti v ate MOND and the EFE, and use the refinement conditions
 ref ine = 10 3 M 	 and n sub cyc le = ( 1 , 1 , 2 , 2 ) . Since we are

imulating the whole LG, we use a much larger box size of 6144 kpc,
ith 7–12 levels of refinement. The most poorly resolved regions

hus have a resolution of 6144/2 7 = 48 kpc, which impro v es to
144/2 12 = 1.5 kpc for the best resolved regions. Teyssier ( 2002 )
rovides a more detailed description of RAMSES , including default
alues of parameters that we do not alter. Perhaps the most important
f these is the g rav it y t ype, whose default setting of 0 represents
elf-gravity. We also use the default Poisson convergence parameter
psilon = 10 −4 . 

The results of our best-fitting model are discussed next. In this
odel, the initial position and velocity of the MW and M31 are

s given in Table 4 for the centres of two galaxies each consisting
f 5 × 10 5 particles and a gas fraction of 50 per cent, with the
isc orientations given in Table 2 . The initial gas temperature
s T 2 I SM = 465 kK, with the temperature floor T 2 star being
 We also ran a few more models to fine-tune the agreement with some 
bservables like the present disc orientations and the MW–M31 direction 
Section 2.5 ). 
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Table 4. The initial position in kpc and velocity in km s −1 of the MW 

and M31 disc centres at the start of our best-fitting POR simulation. The 
combined barycentre is at the origin because the MW:M31 mass ratio is 
3:7 (Table 2 ), consistently with BRZ18 . SAM indicates that these initial 
conditions are valid 8.1 Gyr ago. 

Galaxy MW M31 
Direction Position Velocity Position Velocity 

x − 56 .0 5 .2 24 .0 − 2 .2 
y 254 .2 − 177 .8 − 109 .0 76 .2 
z 44 .1 − 86 .7 − 18 .9 37 .2 
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8 The simulated ̂ d is actually found using the method discussed in Section 3.2 
to identify the MW and M31 barycentres, but the results are almost identical. 
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0 per cent lower. According to SAM, the initial MW and M31
ositions correspond to 1 Gyr before the flyby, so our POR simulations 
an be considered to start 5.72 Gyr after the big bang (8.1 Gyr ago).
tarting the simulations 1 Gyr before the flyby gives the discs some

ime to settle down first, but avoids the need to simulate very early
pochs at which the cosmological term in equation ( 5 ) would be
ignificant. 

 RESULTS  

n this section, we present the results of our best-fitting model 
nd compare it with rele v ant observ ations. We use the simulation
napshot after 8.2 Gyr because this corresponds as closely as possible
o the lookback time estimated by SAM for the initial conditions of
able 4 . 

.1 The MW–M31 orbit 

he initial conditions are obtained by running SAM, which gives a 
iming argument mass of 3 . 457 × 10 11 M 	 for the whole LG. This
s somewhat higher than the sum of the disc masses used in POR

Table 2 ), which we consider acceptable as there would also be
ome mass in, e.g. a halo of gas around each galaxy, though we
o not include a halo explicitly. This issue was discussed further
n section 5.1.1 of BRZ18 , who argued that although the observed

W and M31 RCs suggest a combined disc mass of 2 . 3 × 10 11 M 	,
 modestly higher timing argument mass for the whole LG is
uite feasible due also to satellite galaxies like the LMC and M33.
quation ( 1 ) implies that a 50 per cent increase in the mass of a galaxy

ncreases the flatline level of its RC by just 11 per cent. Such a small
ncrease in the MW and M31 RCs at large ( � 100 kpc) distances
s difficult to rule out at present, especially for M31 (Corbelli et al.
010 ; Sofue 2015 ). 
Before conducting more detailed analyses, we show the central 

00 kpc of the POR simulation as viewed from the direction which
 ould mak e both discs appear perfectly edge-on if their orientations

re as observed − this is very nearly the case (Section 3.4 ). Fig. 1
hows the stellar particles, while Fig. 2 shows the gas. The discs
ndergo closest approach ≈1 Gyr into the simulation. Dynamical 
riction during the flyby is small, allowing the galaxies to reach a
arge post-encounter separation. Moreo v er, the flyby does not disrupt
he MW and M31 discs too se verely, allo wing them to retain a thin
isc by the end of our simulation − we will investigate this in more
etail in Section 3.4 . There is also a small numerical drift of the
W–M31 barycentre, which can be understood using much less 

omputationally intensive methods (see footnote 14 of Banik et al. 
020 ). 
We extract the MW–M31 trajectory from our POR simulation while 

t is running, without extracting every simulation output. We briefly 
escribe this technique in Appendix C as it could also be useful for
ther projects and is part of the publicly available version of POR

sed here. In this way, we obtain the trajectory shown in Fig. 3 , with
he top and bottom panel used to show the MW–M31 separation
nd relative velocity , respectively . The expected result using SAM is
hown as a dotted red line in each panel. Both methods give a rather
imilar o v erall trajectory, indicating little dynamical friction during 
he encounter. This is due to the fairly large pericentre distance of
1 kpc. Table 5 summarizes information about the pericentre and 
pocentre in each trajectory. The higher second apocentre in SAM 

as discussed in section 5.1.2 of BRZ18 , who concluded that it is
ainly driven by tides from Cen A due to its relatively high mass

nd close alignment with the MW–M31 line after but not before the
yby. Tides are not explicitly included in our POR simulation, which
oreo v er starts shortly before the flyby and thus includes only the
ost recent MW–M31 apocentre, when the perturbers are rather 

istant. 
The simulation snapshot that we analyse (8.2 Gyr after the start)

as d = 846 kpc, which slightly exceeds the observed 783 ± 25 kpc
istance to M31 (McConnachie 2012 ). As explained previously, we 
o not rectify this issue by running the simulation for longer. Doing
o should have only a small effect on the SPs, the main focus of
his work. Importantly for the o v erall geometry, the simulated ̂ d =
 121 . 11 ◦, −21 . 99 ◦) , which differs by only 0.42 ◦ from the observed 
ky position of M31 ( 121 . 17 ◦, −21 . 57 ◦) . 8 Therefore, the overall 
W–M31 trajectory in our POR simulation is quite reasonable, and 

hould be consistent with cosmological initial conditions (the timing 
rgument) at much earlier times. 

.2 Final tangential velocity and PM 

he PM of M31 provides an important constraint on the orbital
eometry of our best-fitting model. When scanning the parameter 
pace (Section 2.6.1 ), we did not consider this constraint, though we
id not consider all possible orbital geometries either as some are
ighly disfa v oured by the timing argument alone (Section 2.2 ). In
he following, we describe how we obtain the predicted PM of M31,
nd compare this to the latest observational constraints. 

To find the separation and relative velocity of the MW and M31,
e first have to identify each galaxy’s centre of mass. We obtain

n initial guess using the iterative on-the-fly method described in 
ppendix C based on the particles alone. Much more detailed 

nalyses are possible using a simulation snapshot because we also 
se our modified version of RDRAMSES (section 3 of Banik et al.
020 ) to obtain a list of all gas cells, treating them as particles at
he cell centres. This allows the stars and gas to be analysed on
n equal footing. We therefore find the barycentre of all material
hose position and velocity lies within 250 kpc and 500 km s −1 ,

espectively, of our initial guess for the barycentre. These thresholds 
re deliberately set quite wide to reduce the risk of converging on
he wrong density maximum. This process is repeated iteratively 
ntil the barycentre position shifts by < 1 kpc and its velocity shifts
y < 1 km s −1 between successive iterations. The process converges
ery rapidly because the initial guess for the barycentre based on
articles alone (Appendix C ) is already highly accurate. 
Table 6 shows the position and velocity of the MW and M31 in the

imulation reference frame, from which we get the MW–M31 relative 
eparation and velocity. We take the cross product of these vectors
MNRAS 513, 129–158 (2022) 
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M

Figure 1. The stellar particles in the central 500 kpc square of our POR simulation, viewed along the direction which would make both discs appear edge-on in 
actual observations at z = 0 (Section 3.4 ). Since the disc orientations change somewhat during the flyby and we have not perfectly adjusted for this, the discs 
are not perfectly edge-on in the last snapshots. The projected surface density is shown in units of 1000 M 	 pc −2 . The time since the start of the simulation is 
indicated at the top left of each panel. The MW disc appears almost horizontal in this view. Notice that the MW and M31 retain thin discs, outside of which 
there is very little material. 
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o get their orbital angular momentum h and thus the orbital pole ̂  h .
e also use h to obtain the tangential velocity v t , 783 at a distance of

83 kpc, which slightly exceeds the simulated tangential velocity by
 factor of (846/783) because the final distance is slightly larger than
bserved. We then find what PM components of M31 on the night sky
ould most closely mimic d and v tan in the analysed POR simulation
utput. We do this by adjusting the assumed M31 PM components
 μα, � , μδ) in SAM to find the combination which best matches
he ̂ h = ( 209 . 77 ◦, 3 . 29 ◦) and v t , 783 = 34.12 km s −1 found from
OR , with μα, � and μδ being the angular velocity in the directions
hich most quickly increase the right ascension and declination,

espectively. In this calculation, the present M31 direction and RV in
AM are fixed to the values in Table 3 . The Galactic circular velocity
t the Solar circle is assumed to be 239 km s −1 (McMillan 2011 ),
NRAS 513, 129–158 (2022) 
hile the non-circular motion of the Sun is taken from Francis &
nderson ( 2014 ) − uncertainties in these parameters and in the
istance to M31 are much smaller than in its PM. We vary ( μα, � ,
δ) using a gradient descent algorithm (Fletcher & Powell 1963 ) to
inimize the sum of squared errors in ̂  h and v t , 783 , with each error

caled to an uncertainty of 1 ◦ and 1 km s −1 , respectively. While it is
ossible to match v t , 783 exactly, the best fitting ( μα, � , μδ) still gives
 small error in ̂  h because of a slight difference in the final ̂  d between
OR and SAM. This is reduced by an iterative rerun of the simulation.
ince the mismatch is then only 0.42 ◦, our approach gives a good

dea of what our simulation implies for the present M31 PM. 
Our result is shown in Fig. 4 . As discussed in section 5.1.3 of

RZ18 , this includes a correction for the LMC and M33 altering the
arycentric velocity of the MW and M31, respectively. Though the

art/stac722_f1.eps


Formation of the Local Group satellite planes 139 

Figure 2. Similar to Fig. 1 , but now showing the gas. The smallest simulated gas cell has sides of length 1.5 kpc. 

L
i
s  

d  

L  

u
a  

a  

b
w  

t
i  

t  

m  

t  

t  

l  

l  

b  

p  

c

T  

S  

t  

e  

i  

e
c
t  

Z  

2  

g  

G
u  

m  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/513/1/129/6549565 by guest on 12 M
ay 2022
MC and M33 positions and velocities are known fairly well, there 
s some uncertainty regarding their mass. This affects the results 
lightly because our model does not form individual TDGs, so it
oes not properly capture the induced recoil on the MW from the
MC, which ideally should form in a simulation of the flyby. The
ncertainties are rather small in a MOND context because all galaxies 
re purely baryonic and we know the position and velocity of M33
nd the LMC rather well. We therefore vary the mass of each satellite
y ±20 per cent and repeat the abo v e-mentioned PM calculation, 
hich assumes the MW (M31) position and velocity in SAM refers to

he barycentre of the MW–LMC (M31–M33) system. As discussed 
n section 4.4 of Banik & Zhao ( 2016 ), the PM correction due to
he LMC is not as significant because its Galactocentric velocity is

ostly away from M31. This is evident in the very short length of
he dark blue line through the model PM in Fig. 4 , which indicates
he impact of a 20 per cent uncertainty in the LMC mass. The
onger pink line shows the same for M33, whose effect is somewhat
arger. Even so, the uncertainty on the M31 PM is < 1 μas yr −1 in
oth cases, which is much smaller than the difference between its
redicted PM and that for a purely radial MW–M31 orbit (open blue
ircle). 

We compare the predicted M31 PM with the measurements in 
able 7 . For clarity, we only plot the observed values from the Hubble
pace Telescope ( HST ) prior to Gaia (van der Marel et al. 2012 ) and
he recent result from Gaia early data release 3 (eDR3; Salomon
t al. 2021 ). In the latter case, we use their so-called B pm 

sample
n their table 4 to include corrections for instrumental effects as
stimated from PMs of background quasars, but without including 
orrections for astrophysical motions beyond the Solar System −
hese are handled in our analysis (see e.g. section 2.3 of Banik &
hao 2016 ). The combination of HST results with Gaia data release
 (DR2; van der Marel et al. 2019 ) is not shown in Fig. 4 as it
ives a similar but somewhat less precise result to the B pm 

sample in
aia eDR3. All three PM estimates are mutually consistent within 
ncertainties. They also agree very well with the PM of our POR

odel (Fig. 4 ). The PM uncertainties are now small enough that
MNRAS 513, 129–158 (2022) 
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Figure 3. Top : The MW–M31 separation as a function of time in our POR 

(solid black) and SAM (dot–dashed red) models. Although our POR simulation 
is not cosmological, its initial conditions are obtained from SAM 1 Gyr 
before the flyby using a total mass of 3 . 457 × 10 11 M 	, thus placing the POR 

model in the cosmological context of a trajectory consistent with the timing 
argument (Section 2.2 ). The POR model (with a slightly lower total mass as it 
considers only the discs) is advanced slightly into the future, but our detailed 
analyses focus on the snapshot 8.2 Gyr after the start of the simulation to 
most closely match the post-flyby time estimated by SAM. The vertical grey 
line in each panel shows the start of our POR simulation. Bottom : The MW–
M31 relativ e v elocity in SAM (dot-dashed red) and POR (solid black). The 
solid blue line with more scatter shows their relative angular momentum 

as an equi v alent tangential velocity at their present separation of 783 kpc 
(McConnachie 2012 ), multiplied by 10 for clarity. The discontinuity in the 
SAM velocity around 3 Gyr arises from assuming no angular momentum prior 
to first apocentre, to allow the MW–M31 trajectory to reach zero peculiar 
velocity at very early times (Section 2.2 ). Notice the lack of a significant 
change in the angular momentum due to the MW–M31 flyby, indicating that 
it hardly alters their orbit. The gradual change o v er man y Gyr is due to torque 
from the EFE (Section 3.2.2 ) and due to tidal debris falling back on to each 
galaxy, especially the MW (Section 3.3.3 ). 

Table 5. Information about the MW–M31 pericentre and apocentre in our 
SAM and POR simulations, based on Fig. 3 . Times are relative to the big bang. 

Orbital phase Perigalacticon Apogalacticon 
Algorithm SAM POR SAM POR 

Time (Gyr) 6.72 6.79 12 .0 12 .6 
Distance (kpc) 73.8 81.5 867 .8 871 .2 
Velocity (km s −1 ) 530.9 452.1 45 .1 18 .6 

Table 6. The final position in kpc and velocity in km s −1 of the MW and 
M31 barycentres 8.2 Gyr into our best-fitting POR simulation. According 
to SAM, this is the POR simulation snapshot temporally closest to the 
present epoch. The combined barycentre is slightly offset from the origin 
due to numerical drift, as discussed further in footnote 14 of Banik et al. 
( 2020 ). 

Galaxy MW M31 
Direction Position Velocity Position Velocity 

x 232 .9 − 31 .0 − 172 .1 − 6 .6 
y − 248 .8 73 .5 422 .6 29 .4 
z 176 .4 − 0 .7 − 140 .2 − 14 .4 

Figure 4. The heliocentric PM of M31 in our best-fitting POR model 
(intersection of blue and pink lines), found using the method described in 
Section 3.2 . The short blue (pink) line indicates the effect of varying the LMC 

(M33) mass by ±20 per cent . In both cases, a heavier satellite increases the 
predicted M31 μα, � . The open blue circle shows the M31 PM for a purely 
radial MW–M31 orbit, while the black cross shows the result of reversing 
the Galactocentric tangential velocity of M31 given by our POR model. The 
large red error bars show the observed M31 PM using HST (van der Marel 
et al. 2012 ), while the black error bars use instead Gaia eDR3 (Salomon et al. 
2021 ). The measurement of van der Marel et al. ( 2019 ) is not shown here 
for clarity, but all three PMs are listed in Table 7 . The horizontal green line 
represents 10 km s −1 at the M31 distance of 783 kpc. 
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his is not guaranteed. We demonstrate this by showing the expected
M of M31 if the POR -determined Galactocentric tangential velocity
f M31 is reversed, which reverses h . The result is the black cross
owards the upper left of Fig. 4 , which is now inconsistent with the
atest determination of the M31 PM (Salomon et al. 2021 ). 

To explore this further, we rotate the POR -determined ̂  h around the
31 direction ̂  d by all possible angles between −180 ◦ and + 180 ◦ in

teps of 1 ◦. We then determine the χ2 statistic relative to the results of
an der Marel et al. ( 2012 ) and Salomon et al. ( 2021 ). Since this χ2 
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Table 7. The PM of M31 in μas yr −1 according to different investigations, 
which in order are: HST alone (van der Marel et al. 2012 ), HST and Gaia 
DR2 (van der Marel et al. 2019 ), and Gaia eDR3 (Salomon et al. 2021 ) using 
the B pm 

sample in their table 4. The latter result is in a heliocentric frame, 
including instrumental corrections for PMs of background quasars and using 
an outlier rejection system. Astrophysical motions beyond the Solar System 

are not accounted for in these results, since we do the corrections ourselves. 
The final column gives the PM in our best-fitting model. 

HST + 

Component HST Gaia DR2 Gaia eDR3 Model 

μα, � 45 ± 13 49 ± 11 48.0 ± 10.2 43 .4 
μδ − 32 ± 12 − 38 ± 11 − 38.4 ± 7.8 − 33 .2 

Figure 5. The probability of a higher χ2 between the observed PM of M31 
and in our POR model if the predicted Galactocentric tangential velocity of 
M31 is rotated around the simulated direction towards M31 by the angle 
shown on the x -axis. There is a clear preference for rotation angles close to 
zero, i.e. for an MW–M31 orbital pole similar to that in the model. 
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Table 8. Our estimated tidal torque due to each perturber, defined as the 
change it causes in the MW–M31 relative tangential velocity (equation 16 ). 
The assumed perturber properties are as listed in table 2 of BRZ18 . Despite 
the high mass of Cen A, it has only a small effect because it is almost 
on the MW–M31 line. The torquing effect of a perturber is maximized if 
| cos θ | ≈ 1 / 

√ 

2 , which is almost the case for IC 342. Ho we ver, e ven its ef fect 
is substantially smaller than the PM uncertainty of ≈50 km s −1 (Fig. 4 ). 

Change in tangential 
Perturber | cos θ | velocity over 5 Gyr (km s −1 ) 

Cen A 0.99 2.43 
M81 0.32 3.79 
IC 342 0.76 8.22 
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s based on two parameters (the PM components), the probability 
f a higher χ2 arising by chance if the model were correct is
xp ( −χ2 /2). Fig. 5 shows this probability for all possible rotation
ngles, with 0 ◦ corresponding to the actual ̂  h of our POR model. It is
lear that for fixed h , the direction ̂  h preferred by the observed M31
M (Table 7 ) corresponds quite closely to that of our best-fitting POR

odel. 
At this point, it is worth emphasizing that we did not consider the

M of M31 when selecting the best-fitting POR simulation − this 
as based purely on the phase space distribution of the tidal debris.
he agreement between the observed M31 PM and in this model 
onstitutes a non-trivial success thereof. 

.2.1 Tidal torques 

ur POR model neglects the late-time effect of tidal torques from
erturbers outside the LG, which would also affect the PM of M31.
o estimate the tidal torque from each perturber, we assume the deep-
OND limit and that the EFE dominates. The former assumption 

s clear because of the large distances to the perturbers, while the
atter assumption was justified in section 2.3.1 of BRZ18 . As we
re only interested in a rough estimate, we approximate that the 
ravity towards any object of mass M is GM a 0 / 

(
r 2 g ext 

)
at distance

 (equation 8 ), neglecting the small angular dependence. Using also 
he distant tide approximation and assuming that g ext = 0 . 022 a 0 , the
elative MW–M31 acceleration in the direction orthogonal to their 
eparation has a magnitude 

 tan = 

3 GMa 0 d cos θ sin θ

r 3 g ext 
, (16) 

here r is the distance from the MW–M31 mid-point to the perturber,
os θ is the angle between this direction and ̂  d , and M is the mass of
he perturber. r is measured from the MW–M31 mid-point because 
he MW and M31 are treated as independent test particles freely
alling in the gravitational field of the perturber, so the individual

W and M31 masses are irrele v ant. Thus, the accuracy of our
alculations would be maximized if using the MW–M31 mid-point. 
or a perturber with r � d , it does not matter exactly which point
e use as the ‘centre’ of the LG. 
Assuming the same perturber properties as listed in table 2 of

RZ18 and that d = 783 kpc, we obtain the tidal torque estimates
iven in Table 8 o v er a period of 5 Gyr, which is roughly the amount
f time for which d is similar to its maximum value (Fig. 3 ). Tidal
orques would be much less significant around the time of the flyby.
s shown by the values in Table 8 and the green line in Fig. 4

epresenting 10 km s −1 , it is clear that tidal torques from perturbers
ardly affect the present PM of M31. Its measurement accuracy 
ould need to impro v e another order of magnitude for such subtle

ffects to be discernible, which would then necessitate more detailed 
odelling. The small effect of tidal torques arises mainly because 

f the isolated nature of the LG, but also because one of the most
assiv e e xternal galaxies which could tidally affect it (Cen A) lies

lmost on the MW–M31 line (Ma et al. 1998 ), limiting its tidal torque
n the LG. 

.2.2 The external field torque (EFT) 

n MOND, the mutual gravity between two masses does not nec-
ssarily align with their separation if there is an external field (e.g.
anik & Zhao 2018a ). This creates a non-tidal torque on the MW–
31 system due to objects outside it. Since this is induced by the

FE, we call this the EFT. As described in appendix A of BRZ18 ,
he tangential component of the relative gravity between two masses 
ue to the EFT can be estimated as 

 tan = sin θ

[
cos θ + 

4 

5 
sin 2 θ cos 

(
πq MW 

) ˜ r 

1 + ̃  r 2 

]
× GMa 0 r 

2 g ext 

(
r 3 + r t 3 

) , (17) 

ith the ‘ −’ sign changed to ‘ + ’ in front of the 4/5. . . (see section 4.4
f Banik et al. 2020 ). ̃  r is the separation relative to that at which the
MNRAS 513, 129–158 (2022) 
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Figure 6. The MW–M31 orbital pole in our POR simulation, shown as 
Galactic latitude (blue) and Galactic longitude less 180 ◦ (red). The deviation 
from the initial orbital pole is shown using a solid black line. The vertical 
solid grey lines around 7 and 13 Gyr show the times of perigalacticon and the 
most recent apogalacticon, respectively, while the dotted grey line shows the 
present time of 13.82 Gyr. Notice the lack of precession around pericentre. 
Combined with the magnitude of the MW–M31 angular momentum hardly 
changing then (bottom panel of Fig. 3 ), it is clear that the MW–M31 
interaction has little torquing effect on their orbit. Their orbital pole precesses 
more significantly around apocentre due to the EFT (Section 3.2.2 ). The 
present orbital pole direction ( 209 . 77 ◦, 3 . 29 ◦) is very similar to that of the 
M31 SP. 
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roblem becomes EF-dominated: 

˜  ≡ r 

r t 
, r t = 

√ 

GMa 0 

Q g ext 
. (18) 

is the angle between d and g ext , while Q = 0.7937 for an MW
ass fraction of q MW 

= 0 . 3 (equation 7 ). Note that in appendix A of
RZ18 , the two masses considered were an external perturber (e.g.
en A) and the whole LG, with the latter placed at the position of

he MW or M31 depending on the circumstances. Their deri v ation
eads directly to equation ( 17 ) if instead we take the two masses to
e the MW and M31. 
The present work impro v es significantly upon BRZ18 in that the

FT is directly included in POR (Section 2.4.3 ). Ho we ver, this still
elies on knowing the appropriate value of g ext and its even more
ncertain time dependence. We can use equation ( 17 ) to estimate the
ignificance of these factors. Since the torque is small for an isolated
ystem ( ̃  r � 1), it is mainly important when the MW and M31 are
lose to apocentre. If we use r = 900 kpc and integrate equation ( 17 )
 v er a 5 Gyr period (as in Section 3.2.1 ) assuming constant g tan , we
et a tangential impulse of �v t , 783 = 33.6 km s −1 for g ext = 0 . 03 a 0 ,
ncluding also a factor of 900/783 to account for changes in angular

omentum due to the EFT having a greater impact on the present
angential velocity of M31 if it is currently closer to us. If instead
e assume that g ext = 0 . 02 a 0 , then �v t , 783 is only 25.9 km s −1 . This
ifference of ≈8 km s −1 is also apparent at other separations, e.g.
f we use r = 600 kpc, we get that �v t , 783 differs by 11 km s −1 

epending on whether g ext is 2 or 3 per cent of a 0 . 
In principle, the functional form of the dependency on q MW 

is not
nown as BRZ18 only had numerical results for the case q MW 

= 0.
his means we can replace the factor of cos 

(
πq MW 

)
by any function

ith value 1 when q MW 

= 0 and which is antisymmetric with respect
o q MW 

→ 1 − q MW 

. Ho we ver, due to the lo w v alue of sin 2 θ = 0.167,
hese results hardly change if instead we use a mass ratio dependency
f 
(
1 − 2 q MW 

)
or cos 3 

(
πq MW 

)
instead of cos 

(
πq MW 

)
. 

Since r around the time of apocentre typically has some inter-
ediate value between 600 and 900 kpc (Fig. 3 ), we estimate that

ncertainty in the behaviour of g ext causes an ≈10 km s −1 uncertainty
n the PM of M31. This would not much alter the present MW–M31
rbital pole because v t , 783 = 34.12 km s −1 in our best-fitting POR

odel. Indeed, Fig. 6 shows that ̂  h does not change much due to the
FT already included in POR , so uncertainties in the EFT should have
nly a small effect. Interestingly, ̂  h also hardly precesses due to the
yby, which is indicated with a vertical solid grey line at pericentre
the later solid grey line represents apocentre). As a result, the final̂ h is fairly similar to its initial orientation. The more rapid precession
f ̂  h after the most recent apocentre is caused by the MW–M31 orbit
ecoming almost radial (notice the low value of h at that time in
ig. 3 ). It could also be related to tidal debris falling back on to the
W (Section 3.3.3 ). 
Uncertainty in the EFT is mitigated by the geometric factors being

ell known: the MW–M31 line at apocentre must be quite close
o its presently observed direction as they are on a nearly radial
rbit (van der Marel et al. 2012 , 2019 ; Salomon et al. 2021 ). g ext 

s also constrained by the observed motion of the LG with respect
o the CMB/surface of last scattering (section 2.2 of BRZ18 ). Since
he EF on the LG mostly arises from rather distant sources, the
irection of g ext would not have changed much in the last 5 Gyr.
s a result, the EFT at late times can only affect the PM of M31

long one particular direction. Ho we ver, it is not too useful to
peculate further about this because the PM of M31 still has an
ncertainty �10 km s −1 (Fig. 4 ). 
NRAS 513, 129–158 (2022) 
.3 Tidal debris 

e now turn to the distribution of tidal debris around the MW and
31 disc remnants. One of the main goals of our POR simulations is to

heck whether the tidal debris around each galaxy prefers a particular
rbital pole, and if so, to compare this with the observed orbital
ole of its SP. This requires us to define a ‘satellite region’ around
ach disc, which we take to be within 250 kpc of the barycentre
ound in Section 3.2 and >z max = 50 kpc from the disc plane.
or simplicity, we assume that the orientation of each disc matches
bservations − we show later that this is a fairly good assumption
Section 3.4 ) due to iterative adjustments to the initial orientation
f each disc (Section 2.3.1 ). Even if the actual disc orientations
if fer some what, our choice of z max should completely exclude the
isc. Ho we ver, only a small portion of the SPs would be lost as the
atellite galaxies of the MW and M31 go out much further (see e.g.
g. 1 of P a wlowski 2018 ). We note that using a spherical excluded
egion for the disc does not work very well since e.g. excluding the
entral 30 kpc still leaves a considerable amount of material close to
he disc plane at larger radii. This makes it very difficult to clearly
isentangle the disc and SP, at least unless a much larger inner radius
s considered − which then loses much of the satellite region. We
herefore consider only a disc-shaped excluded region in what fol-
o ws, or alternati v ely focus on precisely this re gion when analysing
he disc remnants (Section 3.4 ). Appendix D shows the effect of
arying z max . 

.3.1 Orbital pole distribution and mass 

e find the angular momentum of all particles and gas cells in the
atellite region of each galaxy relative to the galaxy’s barycentre. The
mportant quantity for us is the direction of this angular momentum,
hich we use to build up a distribution in Galactic coordinates. The
rocedure is the same as that described in section 4.1 of BRZ18 .
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Figure 7. Left: The orbital pole distribution of material in the MW satellite region in the 8.2 Gyr snapshot of our POR simulation, shown in Galactic coordinates. 
The title shows the total mass in the satellite region and the fraction of this in stars. The colour of each pixel indicates the mass in a square of ( l , b ) with sides 
of length 6 ◦. The pink star shows the observed orbital pole of the Galactic SP (Table 9 ). The solid pink curve shows a cone around this direction with opening 
angle of 30 ◦. The pink dot shows the preferred orbital pole in the simulation (equation 19 ), with the dot–dashed pink curve showing the estimated orbital pole 
dispersion (equation 20 ). The lack of material at very low and high Galactic latitudes is caused by excluding material within z max = 50 kpc of the disc plane. 
Results appear similar for a different z max (Appendix D ). Right: The red bars show the cosine distribution of the angle between the orbital pole ̂ h and ̂ h tot , the 
preferred orbital pole of the simulated SP (equation 19 ). The open black bars show the orbital pole distribution of classical MW satellites at Galactocentric 
distances of 50–250 kpc based on the positions and orbital poles listed in table 2 of P a wlowski & Kroupa ( 2020 ). The angles shown here are relative to the 
observationally preferred direction listed in Table 9 . 

Figure 8. Similar to Fig. 7 , but showing results for M31. Its disc spin vector is shown as a black star. The lack of material with an orbital pole close to this 
direction or its opposite is caused by the exclusion of material close to the M31 disc plane. Notice the smaller simulated disc-SP misalignment compared to the 
MW, which is likely due to M31 having a higher mass and a shorter scale length for the outer disc (Table 2 ). The simulated and observed orbital pole dispersions 
are also much smaller than for the MW. Results appear similar for a different z max (Appendix D ). 
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Table 9. The observed orbital pole of the MW SP (section 3 of 
P a wlowski & Kroupa 2013 ) and of the M31 SP (section 4 of 
P a wlowski et al. 2013 ) in Galactic coordinates. We also show the 
angle between the spin vector of each SP and that of its parent disc, 
and the angle between the SP spin vectors. The MW–M31 orbital pole 
(shown in Fig. 6 ) aligns fairly closely with that of the simulated M31 
SP (shown in Fig. 8 ). 

Galaxy MW M31 

SP spin vector ( 176 . 4 ◦, −15 . 0 ◦) ( 206 . 2 ◦, 7 . 8 ◦) 
Disc-SP misalignment 75 ◦ 47 ◦
Angle between SP spins 37 ◦
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he resulting orbital pole distribution is shown in Fig. 7 for the
W and in Fig. 8 for M31. The observed orbital poles of the MW

nd M31 SPs (summarized in Table 9 ) are obtained from section 3
f P a wlowski & Kroupa ( 2013 ) and section 4 of P a wlowski et al.
 2013 ), respectively. These are shown as pink stars on the left-hand
anels, which our POR model matches fairly well. In Appendix D ,
e show that the appearance remains quite similar if we alter z max to
0 or 60 kpc. 
An important aspect of our analysis is an estimate for the dispersion 

n orbital pole directions. On the observational side, we use 30 ◦ for
he MW based on section 4 of P a wlowski & Kroupa ( 2013 ). For M31,
e note that its SP has an aspect ratio 3 × smaller than for the MW

table 3 of P a wlowski et al. 2013 ). We therefore adopt an orbital
MNRAS 513, 129–158 (2022) 
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ole dispersion of 10 ◦ for M31. These dispersions are illustrated
y drawing a cone with an opening angle equal to the estimated
ispersion and an axis aligned with the observed SP orbital pole
irection listed in Table 9 . These cones are shown on the left-hand
anels of Figs 7 and 8 using solid pink curves. 
The dashed pink curves on these figures show analogous results for

he simulated tidal debris, whose preferred orbital pole ̂  h tot is shown
ith a pink dot in each case. We estimate this using an iterative
rocedure where the initial guess is the centre of the pixel in ( l , b )
ith the most mass. We then find ̂ h tot ∝ 

∑ 

i 

m i ̂
 h i , (19) 

here each particle or gas cell in the satellite region has mass m i 

nd orbital pole direction ̂ h i relative to its host galaxy. The sum is
aken o v er only those particles whose ̂ h i aligns with ̂ h tot to better
han 30 ◦ for M31 or 90 ◦ for the MW, i.e. 3 × the observed orbital
ole dispersion in both cases. This restriction causes ̂  h tot to influence
hich particles and gas cells contribute to the sum, so we need to

epeat the process a few times until convergence is reached. We find
hat only a handful of iterations are required to reach convergence in̂ h tot to within machine precision. We then calculate the orbital pole
ispersion θ rms using 

rms = 

√ ∑ 

i m i θi 
2 ∑ 

i m i 

, (20) 

here θi ≡ cos −1 
(̂ h i · ̂ h tot 

)
is the angle between ̂  h tot and the orbital

ole of particle i . The sum is again taken o v er only those particles
r gas cells in the satellite region whose ̂ h i is within the abo v e-
entioned cone around ̂  h tot . The so-obtained orbital pole dispersion

s θ rms = 49 ◦ for the MW and 19 ◦ for M31, so our model naturally
ields a lower θ rms around M31. The simulated dispersions are larger
han the observed ones, which we ascribe to the somewhat high
72 kK temperature floor of our POR simulations due to resolution
imitations. It is also likely that individual TDGs would form only
n the densest regions, leading to a narrower spread of orbital poles
han for the tidal debris considered as a whole. 

The left-hand panels of Figs 7 and 8 reveal the expected gap in the
rbital pole distribution around the disc spin vector and the opposite
irection arising from our definition of the satellite region. We clarify
his in the M31 case by displaying its observed disc spin vector
 238 . 65 ◦, −26 . 89 ◦) as a black star in Fig. 8 (section 2.1 of Banik &
hao 2018c ). This is omitted for the MW because by definition its
isc spin points towards the south Galactic pole, leading to a lack of
aterial at very low and high Galactic latitudes in Fig. 7 . 
The right panels of these figures show the mass-weighted distri-

ution of cos θ i , which should be uniform for a completely isotropic
istribution. In the MW case, we use open black bars to show
he observed distribution for classical satellites at Galactocentric
istances of 50–250 kpc (table 2 of P a wlowski & Kroupa 2020 ). The
esult is similar to what we obtain in our POR simulation: both the
odel and observ ations sho w a significant clustering of orbital poles,

hough observationally the clustering is somewhat tighter. This could
e related to the resolution and temperature floor of our model. The
rbital poles are much more clustered for the tidal debris around
31 than for the MW, which as explained earlier is in line with

bservations as the M31 SP is much thinner than that of the MW. 
The titles of Figs 7 and 8 indicate that the satellite region of each

alaxy has a mass of ≈10 9 M 	. Since we expect the SP material to
ostly have been quite far out initially (section 5.2.4 of BRZ18 ),

ur estimated SP masses are quite sensitive to the reliability of
NRAS 513, 129–158 (2022) 
xtrapolating the assumed exponential disc law to large radii. The
elatively small amount of material here means that altering the initial
ass distribution at large radii would hardly affect the gravitational
eld, leaving the simulated SP orientations unchanged. Therefore,

he SP masses are not a strong test of our model. Bearing this in
ind, we note that an SP mass of 10 9 M 	 is reasonable for the MW

ecause the LMC dominates the baryonic mass in the Galactic SP.
he RC of the LMC has a flatline level of ≈70 km s −1 (Alves &
elson 2000 ; van der Marel & Kallivayalil 2014 ; Vasiliev 2018 ),
hich in a MOND context implies a mass of 1.5 × 10 9 M 	. While

his is in reasonable agreement with our model, another important
spect of the LMC is its rather high specific angular momentum h
Kalli v ayalil et al. 2013 ). This is quite difficult to reproduce in our
odel, with only a small fraction of the tidal debris having a higher
 than that of the LMC (Section 3.3.4 ). It is difficult to solve this
roblem by postulating a much larger amount of tidal debris as then
he Galactic disc would need to be damaged much more significantly.
nstead, the problem may lie with resolution and the temperature
oor: colder gas would need more support from rotational motion,
hich should lead to higher h initially. It is not presently clear
hether this will solve the problem of the LMC, so for the time
eing its properties remain somewhat problematic for our flyby
cenario. 

In the M31 case, the simulated SP mass suggests that M32 is
ikely part of this structure (see section 5.2.3 of BRZ18 ), and/or that
ll of the mass in its SP has not condensed into individual satellites.
his is quite possible given that the orbital pole distribution is a
on-uniform ring rather than a single point (Fig. 8 ). It could well
e that only in the densest part of this ring was the density high
nough for the gas to undergo Jeans collapse into TDGs. Moreo v er,
as accreted on to a newly formed TDG could be subsequently
xpelled by feedback, with perhaps only a small fraction ending up in
tars. 

To address these issues more thoroughly, a higher resolution
imulation would be required in which bound satellite galaxies form
ut of the tidal debris, which is beyond the scope of this project.
 previous high-resolution hydrodynamical MOND simulation of

nteracting disc galaxies suggests that TDGs should form out of the
idal debris (Renaud et al. 2016 ). Their work focused on the Antennae
Mirabel et al. 1992 ), but our work indicates that a similar process
ould well have played out in the much better observed LG. We hope
hat the initial conditions of our best-fitting model (Table 4 ) serve as
 starting point for further work on the LG in MOND. 

.3.2 Radial distribution 

e use the top and bottom panel of Fig. 9 to show the radial
istribution of material in the satellite region of the simulated MW
nd M31, respectively. Each bar is divided into a red part indicating
tars and a blue part indicating gas. It is clear that the satellite regions
re completely dominated by gas. For the MW, this might be caused
y its initial distribution of gas being more extended than that of its
tars (Table 2 ). Ho we ver, the stars and gas in M31 have the same
nitial surface density profile. The dominance of gas in the satellite
egion could indicate that this is more easily remo v ed from the disc
han stars due to ram pressure effects. 

Our results can tentatively be compared with the observed dis-
ances of LG SP members from their host galaxy. We obtain these
rom the bold entries in table 4 of P a wlowski et al. ( 2013 ), restricting
urther to only those satellites within 50–250 kpc of their parent
alaxy. These observational results are shown in Fig. 9 using a solid
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Figure 9. The radial distribution of material in the MW (top) and M31 
(bottom) satellite regions, showing contributions from stars (red) and gas 
(blue). The observed satellite distribution is shown using a stepped solid 
black line representing the number of satellites in four equally wide bins 
co v ering 50–250 kpc. These were obtained from the bold entries in table 4 of 
P a wlowski et al. ( 2013 ) and scaled for clarity as indicated in the legend. Our 
POR simulation suggests that the SPs would initially have been dominated 
by gas, though this need not be the case today as we do not simulate star 
formation and feedback. 
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Figure 10. The cosine distribution of the angle between the position and 
velocity of each particle relative to its host galaxy, shown for the MW (top) 
and M31 (bottom) satellite regions. Contributions are shown from stars (red) 
and gas (blue). If the velocities were oriented randomly relative to the radial 
direction, then the distribution would be uniform. The asymmetry between 
±̂ r · ̂ v for the MW indicates that material is still falling towards it. Notice the 
strong preference for tangential motion in the M31 case. 
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lack line. There is good o v erall agreement with our model, but
bservationally there is a lack of observed satellites 200–250 kpc 
rom their host. This could be due to the tidal debris at such large
istances being too sparse to form TDGs. Selection effects could also 
lay a role, especially around the MW where more distant satellites
ould be fainter. While this effect is less significant around M31, 

he limited size of the Pan-Andromeda Archaeological Surv e y (Ibata 
t al. 2014a ; McConnachie et al. 2018 ) means that observations
f M31 do not extend to galactocentric distances much beyond 
50 kpc. 
Our simulations do not allow star formation, so the high gas 

raction in the satellite regions merely indicates that the flyby created 
n initially gas-rich distribution of tidal debris. In a more advanced 
imulation, the gas may well condense into a small number of TDGs
hich then form stars (Renaud et al. 2016 ). While the formation of
DGs and their internal evolution is beyond the scope of this project,

heir o v erall distribution should be similar in a higher resolution
imulation that allows star formation. In this respect, it is interesting 
hat the radial distribution of simulated material in the satellite region 
f each galaxy broadly agrees with that of its actual SP members. 
.3.3 Orbital eccentricity 

n important aspect of the LG satellite planes is their small dispersion
f orbital pole directions (P a wlowski 2021 ). Another aspect to
onsider is the motions of satellite galaxies within their preferred 
lane. To quantify this, we determine the position r and velocity v 
f each particle or gas cell relative to its parent galaxy (Section 3.2 ).
e then find the unit vectors ̂  r and ̂  v , where ̂  n ≡ n /n for any vector
 . The distribution of the angle between ̂  r and ̂  v provides a measure
f whether the velocity dispersion tensor is isotropic or tangentially 
iased, and also whether there is any net radial motion that shows up
s an asymmetry between ±̂ r · ̂ v . 

We use Fig. 10 to plot the distribution of ̂ r · ̂ v . The top panel
hows the result for the MW. If the ̂ v for each particle or gas cell
ere distributed randomly relative to the outwards radial direction 
 r , then ̂ r · ̂ v would be distributed uniformly o v er the range ( −1,
). This is a reasonable description of the figure, so there is not
uch tendency for the orbits to be tangentially biased, somewhat 

t odds with observations (Cautun & Frenk 2017 ; Riley et al. 2019 ;
ammer et al. 2021 ). This is probably due to the high gas temperature
oor of 372 kK, which is required given numerical limitations. In

his sense, our result for the MW is similar to fig. 8 of BRZ18 . One
MNRAS 513, 129–158 (2022) 
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Figure 11. The specific angular momentum distribution of material in the 
MW satellite region, shown relative to that of the LMC. The rightmost bar 
includes all material with higher values. 
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ifference is that unlike in their work, our results show an asymmetry
etween ±̂ r · ̂ v such that radial inflow is preferred o v er radial outflow.
his indicates that according to our simulation, some tidal debris
hould should still be falling back towards the MW. This could
xplain the properties of the Fornax dwarf spheroidal satellite (Yang
t al. 2022 ). 

The bottom panel of Fig. 10 shows the ̂  r · ̂ v distribution for M31.
here is a sharp peak near 0, indicating a strong preference for

angential motion. This is quite different to the result obtained by
RZ18 , whose fig. 8 shows only a mild preference for tangential
otion for the tidal debris around M31. The hydrodynamical nature

f our simulations is probably the main reason for this difference.
ince a higher resolution simulation with a lower temperature floor
hould have even more dissipation, our POR simulation indicates that
he M31 SP members should have rather low orbital eccentricities.
his is in line with the observed PMs of the only two M31
P members whose PMs are currently known (Sohn et al. 2020 ;
 a wlowski & Tony Sohn 2021 ). There is not much tendency for radial

nflow as opposed to outflo w: at lo w v alues of 
∣∣̂ r · ̂ v 

∣∣ � 0 . 5, there is
ore material at positive values, indicating a tendency for outflow.
o we ver, this trend is reversed at high values of 

∣∣̂ r · ̂ v 
∣∣ � 0 . 5. Thus,

he M31 SP should be more nearly virialized than the MW SP. The
trong tendency for tangential motion in the M31 SP also suggests
hat it should be dynamically colder than the MW SP, thereby having
 lower aspect ratio and orbital pole dispersion. This is indeed the
ase in our model (equation 20 ) and observationally (e.g. P a wlowski
t al. 2013 ). The full 6D phase space structure of the M31 SP is still
nclear because this would require accurate PMs for its relatively
aint member satellites, which have only recently become available in
wo cases (Sohn et al. 2020 ). While these are indicative of corotation,
 more detailed analysis will need to await further data (P a wlowski &
ony Sohn 2021 ). 

.3.4 Analogues to the LMC 

he phase space structure of the Galactic SP is much better known
ecause of its proximity. This is clearly dominated by the LMC,
o a realistic model should have material on an orbit similar to the
MC. To investigate this, we conduct a very similar analysis to
ection 5.4 of BRZ18 . The LMC is fairly close to pericentre at the
oment (Kalli v ayalil et al. 2013 ), which could well be something

hat even a quite realistic model does not reproduce simply because
he considered snapshot time is not when the LMC analogue is at
ericentre. Indeed, analogues to the Magellanic Clouds are not very
ommon observationally, so it may be quite difficult to reproduce
ertain aspects of them even with the correct theory of nature
Robotham et al. 2012 ). Therefore, we focus on quantities which
hould be rather more robust around the whole orbit. 

The high tangential velocity of the LMC for its position indicates
 rather high h in the Galactocentric frame. To explain this, we
hould have material in the satellite region with a similar h . The
istribution of h is shown in Fig. 11 . The LMC value is based on
able 5 of Kalli v ayalil et al. ( 2013 ), which implies a Galactocentric
angential velocity of 314 ± 24 km s −1 at a distance of r LMC = 49 . 39
pc (Pietrzy ́nski et al. 2013 ). More recent observations indicate a
imilar LMC PM (Gaia Collaboration 2018 ). It is clear that the high
 of the LMC is somewhat challenging for our model given its mass,
hough the simulated h distribution for material in the MW satellite
egion does extend beyond the LMC value. 

An important aspect of the LMC is its high orbital eccentricity.
his is not necessarily captured merely by looking at h , because h
NRAS 513, 129–158 (2022) 
ould be rather high even for material on a circular orbit if it is
ufficiently far out. We address this by following equation (51) of
RZ18 in defining an adjusted specific energy 

˜ 
 ≡ � ( r ) + 

1 

2 
v 2 − h 

2 

2 r LMC 
2 
, (21) 

here the distance r and velocity v are Galactocentric. ˜ E is the
pecific radial kinetic energy of a particle at r = r LMC , with ˜ E < 0
ndicating that the particle is not capable of reaching this distance.
t would have little difficulty doing so if r ≈ r LMC in the simulation.
ut if r � r LMC , then the particle would need to undergo substantial

adial oscillations to ever resemble the LMC at any point along its
rbit. If it does so, then ideally it should match the ˜ E value of the
MC, i.e. have an RV of 64 km s −1 at r = r LMC . To calculate if this

s the case, we need to assume some form for the Galactic potential
 ( r ). We find this by treating the MW as an isolated point mass,

eglecting M31 and the EFE. This is justified because the rele v ant
istances are much larger than the extent of the MW disc (Bovy &
ix 2013 ), but much smaller than the distance to M31 (McConnachie
012 ) or the distance beyond which the EFE dominates (Banik &
hao 2018b ). The form of � follows from integrating the simple

nterpolating function (F amae y & Binne y 2005 ) for a single point
ass using a hyperbolic substitution. 

 ( r ) = 

√ 

GMa 0 

[ 

ln 
(

1 + 

√ 

1 + ̃  r 2 
)

− 1 

˜ r 
−

√ 

1 

˜ r 2 
+ 1 

] 

, 

˜ r ≡ 2 r 

r 
M 

, r 
M 

≡
√ 

GM 

a 0 
. (22) 

ere, M = 9 . 15 × 10 10 M 	 is the initial mass of the MW, while r 
M 

is
ts MOND radius, the distance beyond which MOND effects become
ignificant. Since r 

M 
≈ 10 kpc, it is not much smaller than the LMC

istance, so it is not accurate to assume that the problem is in the
eep-MOND limit. 
The joint distribution of ˜ E and h is shown in Fig. 12 , which also

as a blue curve sho wing v alues for particles on circular orbits at
ifferent r (indicated in kpc). Our results show that if considering
oth parameters jointly, the observed LMC value is near the edge of
he simulated distribution. Its ˜ E is somewhat on the low side, while
ts h is on the high side. None the less, the observed combination

f 
( ˜ E , h 

)
for the LMC is still within the simulated distribution for
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Figure 12. Distribution of the adjusted energy (equation 21 ) and specific 
angular momentum relative to that of the LMC, shown for material in the 
MW satellite region assuming a point mass Galactic potential (equation 22 ). 
The LMC value is shown using a white diamond, with the horizontal dashed 
line through it showing a 24 km s −1 uncertainty in its Galactocentric tangential 
velocity (see the text). We neglect uncertainty in its RV because uncertainty 
in its PM is much larger. The solid blue curve shows values for particles on 
circular orbits, with the orbital radius indicated in kpc as a text label next to 
the corresponding filled blue dot. 
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9 Conroy et al. ( 2021 ) recently obtained tentati ve e vidence for the perturbation 
induced by a massive LMC on the Galactic stellar halo. 
10 An exception is if MW analogues very rarely have an LMC analogue around 
them, but these rare cases are also those with a satellite system similar to that 
of the MW. In this case, � CDM would not be consistent with the LMC. 
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aterial in the MW satellite region. Therefore, the LMC does not 
bviously present an insurmountable difficulty for our model. Given 
lso that material in the satellite region shows a sharp concentration of 
rbital poles at about the right direction (Fig. 7 ), our model provides
 plausible explanation for how one could get a large satellite with
 rather high angular momentum on a quite eccentric nearly polar 
rbit aligned with the SP. 
Our model strongly suggests that the LMC formed as a TDG out

f the MW–M31 flyby. Its high mass could indicate that it formed
t the tip of the Galactic tidal tail, where a massive TDG is more
ikely to form due to the weaker tidal stress and EFE combined with
he tendency for material to pile up at apocentre. In this scenario,
he LMC must have been orbiting the MW for ≈7 Gyr. This is quite
easible in a MOND context as there is almost no dynamical friction
0 kpc from a purely baryonic MW. Moreo v er, the time dependence
f the gravity from M31 could cause perigalacticon distances to vary 
omewhat between orbits (see e.g. fig. 20 of Banik & Zhao 2018d ).
ssuming that the SMC also formed as a TDG on a similar orbit

o the LMC as part of the Galactic SP, one can imagine that the
MC and SMC subsequently underwent one or more interactions, 
elping to explain the observed properties of the Magellanic Stream 

Hammer et al. 2015 ; Lucchini et al. 2020 ; Lucchini, D’Onghia & Fox
021 ). Indeed, it seems difficult to altogether a v oid close interactions
etween a large number of TDGs confined within a 2D structure by
irtue of how they formed. 
The top panel of Fig. 9 indicates that the Galactic SP would initially 

ave been mostly gas, though a small contribution from stars is also
xpected. This might explain how the LMC came to have stars older
han the flyby (Harris & Zaritsky 2009 ; Nidever et al. 2021 ). Our
cenario would struggle to explain a significant fraction of stars older 
han the flyby, though this depends on the efficiency with which gas
n the tidal arm condenses into stars in the LMC. A lower efficiency
ould increase the relative importance of stars formed before the 
yby. The star formation histories of MW satellites are discussed 
urther in Section 4.1 . 

A common origin during a past MW–M31 flyby provides a natural 
xplanation for the alignment between the Galactic orbit of the 
MC, the LMC–SMC orbit, and the MW SP (fig. 1 of P a wlowski,
cGaugh & Jerjen 2015 ). These planes also align well with that

efined by the Magellanic Stream (fig. 1 of P a wlowski & Kroupa
020 ). If instead the LMC and SMC were recently accreted by the
W due to dynamical friction with its CDM halo (Besla et al. 2007 ),

hen these geometric alignments would be fortuitous. This is because 
he orientation of the MW SP would a priori be unrelated to the
MC–SMC binary orbit, which could itself be oriented differently 

o their barycentre’s motion around the MW (section 5.3.1 of Kroupa
015 ). One exception is if the dynamical influence of the LMC is
esponsible for most Galactic satellites having orbital poles in a 
ery narrow range of directions, as proposed recently in the � CDM
ontext where the LMC should be more massive relative to the
W than in MOND (Garavito-Camargo et al. 2021 ). 9 Ho we ver,

heir idealized simulation only works because the test particles they 
onsider have a very low specific angular momentum, so even a
ery small tidal torque can significantly change the orbital pole. This
cenario is untenable for the classical MW satellites as they have
uite high specific angular momenta, which is related to their strong
reference to be moving tangentially rather than radially (Hammer 
t al. 2021 ). Consequently, including the influence of the LMC in a
ackwards integration (Correa Magnus & Vasiliev 2022 ) still leaves 
he MW satellites with a clustered orbital pole distribution prior to
he LMC infall, implying that this scenario does not explain the
lustered orbital pole distribution of MW satellites in the � CDM
onte xt (P a wlowski et al. 2021 ). 

The LMC could also be related to the MW SP rather more directly
f the LMC brought in its own retinue of satellites (Samuel et al.
021 ). Ho we ver, their claim to explain the MW SP in � CDM con-
radicts the fact that group infall is already included in cosmological
 CDM simulations. 10 Based on these, it was previously argued that

having most satellites accreted as a single group or along a single
lament is unlikely to explain the MW disc of satellites’ (Shao
t al. 2018 ), an important reason being that dwarf galaxy groups
re typically much larger than the thickness of the LG SPs (fig. 1 of
etz et al. 2009b ). It is difficult for an LMC-mass galaxy to bring

n too many satellites due to its lower mass than the MW, so the
alactocentric orbit of the LMC should be aligned with a pre-existing 

hance alignment of Galactic satellites into a planar structure. A 

ecently fallen in group would also span only a narrow range of angles
n the sky (Santos-Santos et al. 2021 ), whereas the MW SP members
o around most of the sky (fig. 2 of P a wlowski & Kroupa 2020 ).
roup infall is already included in cosmological � CDM simulations 

ike Illustris, so postulating it as a reasonably likely explanation 
or the MW SP is not meaningful when the low likelihood of this
tructure in a � CDM universe has already been demonstrated in a
osmological conte xt (P a wlowski & Kroupa 2020 ), especially since
igh resolution hydrodynamical simulations indicate that the impact 
f baryonic physics is small (Samuel et al. 2021 ). Moreo v er, the
elocities of MW satellites are biased tangentially (Hammer et al. 
021 ), even though a radial bias is expected from infall (Angus,
iaferio & Kroupa 2011 ). Our model is quite promising in this

espect because it yields a significant tangential bias to the velocities
or the tidal debris around M31, though it does not achieve this for
he MW (Fig. 10 ). Ho we ver, a dissipati ve origin for the Galactic
MNRAS 513, 129–158 (2022) 
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Table 10. Spin vectors of the MW and M31 discs at the start of our POR 

simulation and in its 8.2 Gyr snapshot, comparison of which yields the 
angle by which each disc has precessed. We also show the observed spin 
vector of each disc, which for M31 follows from its observed inclination 
and kinematic position angle (section 2.1 of Banik & Zhao 2018c ). 

Galaxy MW M31 

Initial ( 55 . 11 ◦, −84 . 89 ◦) ( 238 . 38 ◦, −33 . 71 ◦) 
Final ( 231 . 05 ◦, −85 . 63 ◦) ( 237 . 72 ◦, −26 . 15 ◦) 
Observed ≡ ( 0 ◦, −90 ◦) ( 238 . 65 ◦, −26 . 89 ◦) 
Precession 9.47 ◦ 7.59 ◦
Mismatch with 

4.37 ◦ 1.11 ◦
observations 
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P remains a promising explanation for why its members have
angentially biased orbits, especially when considering the numerical
imitations of our simulation. 

A successful theory should explain not only the MW SP but also the
Ps around M31 (Ibata et al. 2013 , 2014b ) and Cen A (M ̈uller et al.
018a , 2021 ) without postulating a highly unusual chance alignment
n all cases. Rather, it should provide a mechanism for generating
he significant observed anisotropy in the only three systems where
he 3D distribution of satellites is well known. Ideally, this would be
one with minimal assumptions, e.g. based on the known existence
f dissipative baryons and the known formation of phase space-
orrelated TDGs (Mirabel et al. 1992 ; Bournaud et al. 2004 ). In
eeping with Occam’s Razor, it is also preferable to use only one
 ypothetical g alaxy interaction to explain both SPs in the LG. 

.4 The simulated MW and M31 discs today 

ur results in Section 3.3 show that only a small fraction of the
nitial 3 . 05 × 10 11 M 	 in the MW and M31 discs ends up in their
atellite regions. This indicates that the interaction is not very strong
nd should still leave recognizable disc remnants, as also suggested
y Figs 1 and 2 . The reason is that the perigalacticon distance of
1.47 kpc is much more than the disc scale length of either galaxy
Table 2 ), which also causes there to be only a small amount of
ynamical friction (Fig. 3 ). This is encouraging for our scenario
ecause a strong encounter that transforms the MW and M31 discs
nto ellipticals would not be realistic. In this section, we take a closer
ook at the MW and M31 disc remnants (Sections 3.4.1 and 3.4.2 ,
espectively). In each case, our analyses focus on the region within
50 kpc of the galaxy’s barycentre and within 50 kpc of its disc plane.
ombining our analyses of the disc and satellite regions therefore
o v ers the entire 250 kpc sphere around each galaxy. 

We begin by finding the total angular momentum of all material
ithin the disc region of each galaxy relative to the galaxy’s
arycentre. This gives the disc spin vector of each galaxy in the
nalysed POR simulation snapshot, which we list in Table 10 in
alactic coordinates. This also shows the initial and observed disc

pin vector in each case, and the amount by which the disc has
recessed during the simulation. As discussed in section 4.2.5 of
anik et al. ( 2020 ), this precession is partly due to the EFE, though we
xpect the flyby to also induce disc precession. The total precession
s ≈10 ◦ in both cases, so differential precession of different parts
f the MW/M31 disc should not warp it too much. Importantly, the
imulated discs end up oriented similarly to observations thanks to
ur iterative adjustments (Section 2.3.1 ), especially in the M31 case
here the disc-SP misalignment is smaller (Fig. 8 ). In what follows,
e analyse each disc in a reference frame rotated so the z-axis

orresponds to the observed disc orientation as listed in T able 10 . W e
NRAS 513, 129–158 (2022) 
av e checked e xplicitly that the results of our analyses differ very
ittle if we instead align the z-axis to the spin vector of each simulated
isc as given in Table 10 . We a v oid doing this for simplicity as it
ould require iterative adjustments to the simulated spin vector of

ach disc. 

.4.1 MW stellar disc remnant 

he top left panel of Fig. 13 shows the face-on view of the stars in
he MW 8.2 Gyr after the start of our POR simulation. This shows
 regular appearance. We also show the MW in the cylindrical rz
rojection system described in section 3.2 of Banik et al. ( 2020 ).
he so-obtained rz view of the stars in the MW is shown in the top

ight panel. This confirms that a disc remains despite the flyby and
ther simulated effects. 
Our results allow us to obtain the surface density profile of the
W’s stellar component. Since our simulation does not allow star

ormation, this should correspond to something akin to the old
alactic thick disc (Gilmore & Reid 1983 ), whose stars pre-date the
yby. By binning the results in cylindrical polar radius, we obtain the
tellar surface density profile � � ( r ) shown in the bottom left panel of
ig. 13 . The red line shows the simulated result, while the blue line
hows an exponential law with a scale length of 3.6 kpc (Juri ́c et al.
008 ). This is consistent with Jayaraman et al. ( 2013 ), who found
hat the thick disc scale length is ≈4 kpc (see their section 4.4). It is
lso in line with Li & Zhao ( 2017 ) and Mateu & Vi v as ( 2018 ). 

Another test of our model is the vertical velocity dispersion σ z 

t different r , especially at the Solar circle. We find this by binning
he stars in r and finding their mass-weighted σ z using an iterative
utlier rejection procedure with threshold of 3.29 σ , corresponding
o the 0.1 per cent tail of a Gaussian distribution (the procedure is
escribed further in section 3.2.1 of Banik et al. 2020 ). Our result
s shown in the bottom right panel of Fig. 13 . At the Solar circle of
.2 kpc (McMillan 2017 ; Gravity Collaboration 2019 ), the simulated
z rises from an initial value of ≈10 km s −1 to a present value of
50 km s −1 . Note that since our model does not allow star formation,

his should be compared with only those stars which existed at the
ime of the MW–M31 flyby. In this regard, we mention that the
ld metal-poor sample at large height in e.g. fig. 4 of Yu & Liu
 2018 ) has σ z ≈ 40 km s −1 , though results differ by ≈10 km s −1 

epending on the exact sample used. We therefore show a data point
t 40 ± 10 km s −1 at the Solar circle. In a higher resolution simulation
ith all other parameters fixed, σ z ≈ 40 km s −1 at the Solar circle
we present this in Appendix E . While results at this level of detail
ay differ in a more advanced simulation, the broad agreement in

he disc scale length and σ z is encouraging. 

.4.2 M31 stellar disc remnant 

he face-on view of M31 is shown in the top left panel of Fig. 14 ,
evealing a bar. Observationally, M31 is indeed a barred spiral galaxy
Beaton et al. 2007 ), with the bar having a length of ≈4 kpc and a
atio of corotation radius/bar length of R = 1 . 6 ± 0 . 2 (Bla ̃ na D ́ıaz
t al. 2018 ). Detailed analysis of the bar goes beyond the scope
f this contribution, though bars have been considered before in
OND (Tiret & Combes 2007 , 2008 ; Combes 2014 ). We refer the

eader to Banik et al. ( 2020 ) for a recent study of the M33 bar in
OND, and to Sell w ood et al. ( 2019 ) for a similar study in � CDM.
 general study of galactic bars in CDM and different theoretical

rame works is av ailable in Roshan et al. ( 2021a ), which focused on
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Figure 13. Top left: The stellar surface density map of the MW as viewed from along its observed disc spin vector, which is very similar to that in our POR 

simulation (Table 10 ). The positions are relative to the MW barycentre, found as described in Section 3.2 . The dot–dashed circles show radii of 2, 4, and 8 kpc. 
Top right: The MW in the cylindrical rz projection (Banik et al. 2020 ). Bottom left: The stellar surface density profile of the MW (red curve), found by binning 
the stellar particles in cylindrical polar radius. The blue line shows an exponential profile whose scale length is an observationally motivated 3.6 kpc (Juri ́c et al. 
2008 ). Bottom right: The initial (dot–dashed blue) and final (solid red) stellar σ z of the MW disc as a function of radius. The data point at the Solar circle radius 
of 8.178 kpc (Gravity Collaboration 2019 ) shows σz = 40 ± 10 km s −1 based on results for different stellar samples in Yu & Liu ( 2018 ). Appendix E shows a 
version of this panel for a higher resolution simulation. 
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alaxies with a central surface density similar to the MW and M31. 11 

heir work showed that in isolated MOND simulations, we would 
ypically expect such a galaxy to have a bar with R ≈ 1 –1 . 2 (see
heir fig. 21), so the bar of M31 is somewhat slower but consistent
ithin uncertainties. 
The rz projection of M31 (top right panel of Fig. 14 ) indicates

hat our simulation retains a rather thin M31 disc. Its surface density
rofile is shown in the bottom left panel, which also shows a blue line
epresenting an exponential law with an observationally motivated 
cale length of 5.3 kpc (Courteau et al. 2011 ). This provides a fairly
ood description of our simulated M31 disc remnant, especially when 
earing in mind that their estimated scale length has an uncertainty 
f 0.5 kpc. 
1 In an acceleration-dependent theory like MOND, there is a critical surface 
ensity. Thus, galaxies with a similar central surface density should behave 
imilarly, albeit with dimensional quantities like lengths appropriately scaled 
see section 5.2 of Roshan et al. 2021a ). 
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o  
Finally, the most interesting result about the M31 remnant is shown 
n the bottom right panel of Fig. 14 , which plots the initial and
resent simulated σ z of the M31 stellar disc at different radii. It
s dynamically much hotter than the MW disc (Fig. 13 ), which is
onsistent with the results of Collins et al. ( 2011 ). This tendency is
eakened somewhat in a higher resolution model (Appendix E ), but

ven then, the M31 disc is still hotter than the MW disc at all radii.
herefore, the M31 disc in our simulation is broadly similar to the

eal M31 disc. 
While the higher σ z in M31 is partly due to the initial conditions,

he evolution of σ z differs between the MW and M31. In the M31
ase, σ z increases by ≈20 km s −1 towards the centre and ≈30 km s −1 

t 20 kpc, but in general, the whole σ z ( r ) curv e mo v es upwards by a
imilar amount at all radii. Even in the higher resolution simulation
Appendix E ), the MW disc does not heat up very much at small
adii ( σ z rises by � 10 km s −1 ). The increase in σ z is ≈30 km s −1 at
arge radii, which is similar to M31. Thus, the rise in σ z at any fixed
adius is larger for M31 o v er the entire disc. Ho we ver, an increase
f 30 km s −1 is a proportionately much larger increase for the outer
MNRAS 513, 129–158 (2022) 
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M

Figure 14. Similar to Fig. 13 , but for M31. Top left: Face-on view of M31, showing a bar (unlike the simulated MW). Top right: Cylindrical rz projection of 
M31. Bottom left: The stellar surface density profile of M31 (red curve). The blue line shows an e xponential la w with an observ ationally moti v ated scale length 
of 5.3 kpc (Courteau et al. 2011 ). Bottom right: The initial (dot–dashed blue) and final (solid red) stellar σz of M31 as a function of radius, showing that it is 
expected to be dynamically hotter than the MW (c.f. Appendix E ). 
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egions of the MW. These differences may be caused by the greater
xtent to which especially the outer MW disc is affected by the
yby, as evident in the larger disc-SP misalignment compared to
31 (Table 6 ). 

.4.3 Gas disc remnant surface density profiles 

ur POR simulations do not include star formation, making it some-
hat difficult to compare the gas disc remnants with observations.
one the less, we use Fig. 15 to show the surface density profiles
f the MW and M31 gas disc remnants, which we find using similar
rocedures to those used for the stellar disc remnants. 
The outer gas disc of the MW is reasonably well fit with

n exponential profile of scale length 7 kpc, which works well
bservationally (see table 1 of McMillan 2017 ). This is shown as
 dot–dashed blue line in the top panel of Fig. 15 with an arbitrary
ormalization. It provides a reasonably good match to the simulated
istribution, which is shown as a solid red line. Thus, our simulation
eems to give a realistic MW gas disc surface density distribution at
ate times. 

The results for M31 are shown in the bottom panel of Fig. 15 , where
he dot–dashed blue line shows a 5.3 kpc scale length exponential
NRAS 513, 129–158 (2022) 
rofile with an arbitrary normalization. Our results show that this
s not a good fit to the simulated gas disc, which cannot be well fit
y a single exponential profile. Ho we ver, we should bear in mind
hat a 5.3 kpc scale length is shown because it is a good fit to the
bserved M31 stellar disc (Courteau et al. 2011 ). The M31 gas disc
as a rather irregular surface density profile (see fig. 16 of Chemin
t al. 2009 ). Moreo v er, it is inevitable that the M31 gas disc is subject
o significant additional processes in the MOND scenario since in
ddition to star formation, M31 seems to have experienced a more
ctive interaction history (e.g. Fardal et al. 2013 ; D’Souza & Bell
018 ). 

 DI SCUSSI ON  

.1 The star formation histories of LG satellites 

ur POR simulation indicates that the satellite regions of the MW and
31 should have been dominated by gas shortly after their flyby.

ince SAM puts the flyby 7.2 Gyr ago (Fig. 3 ), we might expect
embers of the MW and M31 SPs to contain very few stars formed at

arlier times. This can be altered somewhat, e.g. a higher Cen A mass
ould push the flyby earlier by ≈1 Gyr. None the less, it is difficult to
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Figure 15. Top: Surface density profile of the simulated MW gas disc 
remnant 8.2 Gyr into our POR simulation (solid red curve). The dot–dashed 
blue line shows an exponential profile with 7 kpc scale length, which roughly 
describes the observed outer Galactic gas disc (see table 1 of McMillan 2017 ). 
Bottom: Similar to the top panel, but for M31. The dot–dashed blue line shows 
an exponential profile with a 5.3 kpc scale length. Observationally, the M31 
gas disc has a rather irregular surface density profile (see fig. 16 of Chemin, 
Carignan & Foster 2009 ). 
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ush the flyby much further back because this would require a much
reater asymmetry between the MW–M31 orbit before and after the 
yby (section 5.1.2 of BRZ18 ). 12 As a result, our flyby scenario can
efinitely not easily explain why a significant fraction of the stellar
ass in the LMC seems to be older than 10 Gyr (Harris & Zaritsky

009 ; Nidever et al. 2021 ). This is also apparent from detailed studies
f Sculptor (de Boer et al. 2012 ), and of Galactic satellites more
enerally (Weisz et al. 2014 ). 
The tidal tails expelled from the MW and M31 during the flyby

ould contain both stars and gas, so some stars from before the flyby
re certainly to be expected in the TDGs. A larger proportion of
tars from before the flyby could arise if gas accreted on to a newly
ormed TDG gets expelled by feedback. This would require more 
ass o v erall in the satellite re gion as the observ ed stellar masses

f the LG satellites are known fairly well. Indeed, it was argued
n section 5.2.4 of BRZ18 that even a small change to the initial
2 The asymmetry could be caused by a higher past a 0 , but section 5.2.3 
f Haslbauer et al. ( 2020 ) argued against this using in particular the CMB, 
hich would enter the MOND regime if a 0 then exceeded its present value 
y � 20 ×. 

t
e

1

n

alactic surface density profile could put much more mass in the
atellite region with little effect on the overall potential. In this case,
 lower star formation efficiency would be needed to explain the
resent mass in the Galactic SP members. 
It is also possible that there are systematic uncertainties in the

tellar ages of MW satellites. The age of the ancient globular cluster
GC 5904 has an uncertainty of 1 Gyr even though it is only 7.4 kpc
 way (Gontcharo v, Mosenko v & Kho vritche v 2019 ). More massi ve
ystems like the LMC have a wider range of stars that allow for
ore constraints on their age, including from RR Lyrae. Ho we ver,

hese could be younger than generally thought if the gas cloud from
hich they formed contained a higher helium abundance than the 
rimordial value (Savino et al. 2020 ). This seems likely to some
xtent as the flyby scenario involves TDGs forming out of gas already
rocessed in the MW/M31, which would have been enriched in 
etals and helium prior to the flyby. In addition, considering binary

tars generally leads to lower age estimates (Stanway & Eldridge 
018 ). 
Thus, some combination of a slightly earlier flyby and reduced 

ge estimates for the stellar populations in SP members could reduce
he proportion of stars older than the flyby. The proportion might
hen become plausibly consistent with expectations, since after all 
here should be stars in a TDG that pre-date its formation from tidal
ebris. None the less, it is clear that the very ancient nature of the
alactic satellites is by far the biggest challenge to the particular
yby scenario studied here. 

.2 Evidence for the flyby beyond the SPs 

n this section, we consider what the LG was like ≈9 Gyr ago and
ow this might relate to an MW–M31 encounter around that time. 

.2.1 Near the MW 

 past encounter with M31 could have triggered the rapid formation
f the Galactic bulge (Ballero et al. 2007 ) by means of tidal torques
riving gas into the central regions of the MW. This may be related
o the formation and subsequent buckling of the Galactic bar (Grady,
elokurov & Evans 2020 ), which could also have formed the

imilarly old thick disc (Kilic et al. 2017 ). Its pattern of enhanced α-
lement abundances (Mashonkina et al. 2019 ) could indicate a very
arly flyby or a starburst triggered by the flyby (c.f. Renaud et al.
016 ). 
Looking to the satellite region, the young halo globular clusters 

YH GCs) in the Galactic halo likely formed out of the inner part
f the tidal debris cloud around the MW because they are spatially
istributed similarly to the Galactic SP (P a wlowski et al. 2012 ). 13 

nterestingly, the YH GCs have a bimodal age distribution (Mackey & 

ilmore 2004 ). In addition to the ancient peak ≈12 Gyr ago, their
g. 9 shows a clear secondary peak ≈9 Gyr ago. One advantage
f their study is that the ages are relative to that of M92, which
hould cancel some systematic uncertainties. To obtain absolute 
ges, those authors assumed that M92 is 12.55 Gyr old based
n averaging two earlier estimates (Salaris & Weiss 2002 ). The
ore recent peak in the age distribution could be due to the flyby

riggering the formation of stars and globular clusters (c.f. Renaud 
t al. 2016 ). 
MNRAS 513, 129–158 (2022) 

3 The old halo globular clusters have a smaller radial extent and are more 
early isotropically distributed than the YH GCs. 
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.2.2 The NGC 3109 association 

eyond the MW, another important line of evidence for a past
ncounter with M31 is provided by the kinematics of the NGC 3109
ssociation ≈1.5 Mpc away (Pawlowski & McGaugh 2014 ). Those
uthors discussed how the high RV of NGC 3109 implies that it
hould have been close to the MW ≈9 Gyr ago based on looking at
he problem backwards in time. Ho we ver, their simplified dynamical
nalysis of the LG prevents one from drawing strong conclusions
s they did not even consider gravity. Using a detailed 3D timing
rgument analysis of the LG and the major galaxies and galaxy
roups outside it up to 8 Mpc away, Banik & Zhao ( 2017 ) showed
hat the RV of NGC 3109 is 110 km s −1 higher than in the best-
tting � CDM model. 14 This conclusion was confirmed in Banik &
hao ( 2018c ) using a much more thorough search for trajectories

hat match observational constraints (see their section 4.1). 
One deficiency of these few-body timing argument analyses is

hat they do not consider the possibility of a galaxy passing close
o the MW while it was undergoing an interaction, perhaps gaining
nergy from the interaction in a three-body process. Such backsplash
alaxies certainly exist in � CDM, but very rarely do they have
roperties resembling NGC 3109 (Banik et al. 2021 ). The problem
s worsened considerably when bearing in mind the filamentary
ature of the NGC 3109 association, which suggests that it was a
ravitationally bound galaxy group in the past with a total mass
f ≈ 3 . 2 × 10 11 M 	 (Bellazzini et al. 2013 ). A close approach to a
ajor LG galaxy would have created significant dynamical friction

hat precludes escape to a large distance. 
The backsplash process would be much more efficient in MOND

ecause the past high-velocity MW–M31 flyby it requires could
a ve gra vitationally slingshot galaxies out to quite large distances
Banik & Zhao 2018c ). Those authors studied the backsplash process
n MOND in much more detail, with their fig. 6 showing that it is
ot necessary to very closely approach either the MW or M31. As
 result, dynamical friction between the purely baryonic galaxies
ould be negligible and the disc of NGC 3109 might well have been
reserved. Ho we ver, it is likely that the NGC 3109 association as
 whole would have become unbound, consistent with its unbound
ature today (Kourkchi & Tully 2017 ). Therefore, the LG SPs are
ot the only anomalies faced by � CDM in the LG for which MOND
as an explanation by means of a past MW–M31 flyby. 

.3 Additional complications in the real LG 

o far, we have focused on the MW and M31. Apart from their
nteraction 7.2 Gyr ago and the EFE from large-scale structure, they
volve more or less in isolation. This is of course not necessarily
orrect in the actual LG, where we expect additional satellite and
on-satellite galaxies to play some role. Although many of the LG
atellites should have formed out of tidal debris from the MW
nd M31 in a past encounter scenario, our POR simulation does
ot explicitly form individual TDGs, leaving instead a flattened gas
istribution in each galaxy’s halo with a preferred orbital pole aligned
imilarly to the observed SP (Figs 7 and 8 ). If individual TDGs had
ormed, then these could perturb the disc of the parent galaxy in a
ay that is not captured by our simulations. Moreo v er, the MW and
31 have been subjected to various other perturbations that should

e considered when studying the present LG. 
NRAS 513, 129–158 (2022) 

4 Similar results were obtained by Peebles ( 2017 ) using a similar algorithm. 

i  

P  

s  

P  
In the M31 case, one important source of disturbance is M32,
hich is only 23 kpc from M31 (table 4 of Weisz et al. 2014 ). It is
nclear whether M32 formed in the flyby, with BRZ18 arguing for
 separate origin in their section 5.2.3. An origin unrelated to the
W–M31 flyby is very likely for the giant M31 southern stream as

t formed in a much more recent galactic interaction (Fardal et al.
013 ). It is also possible that M31 interacted with M33 at some point
Tepper-Garc ́ıa, Bland-Hawthorn & Li 2020 ). M33 likely did not
orm as a TDG born out of the MW–M31 flyby because M33 lies
utside the M31 SP (Ibata et al. 2013 ). We have implicitly assumed
hat M33 has been orbiting M31 since at least the start of our POR

imulation and that it did not interfere with the MW–M31 flyby. 
Turning to the MW, we know that the Galactic disc has been

erturbed by the Sagittarius dwarf spheroidal satellite galaxy (Ibata,
ilmore & Irwin 1994 ), leaving behind the most prominent stream

n the Galactic halo (see Thomas et al. 2017 in the MOND context).
ince for every action there is an equal and opposite reaction, the
alactic disc has also been affected by Sagittarius (e.g. Laporte et al.
018 ). Its orbital motion may have imprinted oscillations on the
W’s star formation history (Ruiz-Lara et al. 2020 ). 
The most massive MW satellite is the LMC, which in principle

hould have formed out of tidal debris expelled from the MW during
he interaction with M31 (Section 3.3.4 ). As our simulation does not
orm individual TDGs, it is possible that the formation of the LMC
eads to additional subtle effects not captured in our model. The EFE
rom the LMC on the Galactic disc might be responsible for its warp
Brada & Milgrom 2000 ). In general, a Milgromian disc is expected
o warp oppositely to the applied external field (see section 4.5.1 of
anik et al. 2020 ). The warping of the MW disc was also explored
y B ́ılek et al. ( 2018 ) in N -body models of the MW–M31 flyby
n MOND, showing that it could in principle explain the observed
arp, though the orientation of the warp is likely to have changed

ubstantially since the flyby (Poggio et al. 2020 ). There might also
e other causes of disc warping. 
The MW seems to have undergone a minor merger with a satellite

nown as Gaia-Sausage-Enceladus (GSE; M � ≈ 5 × 10 8 M 	) around
he time when the thick disc formed (Kilic et al. 2017 ). Stars and
lobular clusters from GSE were deposited in the Galactic halo with
igh radial anisotropy (Belokurov et al. 2018 ; Deason et al. 2018 ;
aywood et al. 2018 ; Helmi et al. 2018 ; Myeong et al. 2018 ). The

iming of the merger is quite consistent with our estimate for the
W–M31 flyby, suggesting a connection. GSE might originally have

een a satellite of M31. If instead it was a non-satellite dwarf in the
G, then the gravitational focusing effect of the combined MW + M31
ra vity might ha ve caused it to closely encounter the MW around the
ime of the flyby (Banik & Zhao 2018c ). This could also be the case
or other tentative halo structures potentially associated to galaxies
ccreted at roughly the same time, e.g. Sequoia (Myeong et al. 2019 )
nd Thamnos (Koppelman et al. 2019 ). 

In any case, it is clear that the history of the real LG has been more
omplex than in the simulations presented here. Those nevertheless
isplay some generic features which are encouraging, especially
ith regards to the LG SPs but also the disc remnants and the o v erall
W–M31 orbit. 

 C O N C L U S I O N S  

he existence of a thin plane of satellite galaxies around the MW
s highly unexpected in � CDM cosmology (Kroupa et al. 2005 ;
 a wlowski & Kroupa 2020 ), with the problem compounded by a
imilar SP around M31 (Ibata et al. 2013 , 2014b ; Sohn et al. 2020 ;
 a wlowski & Tony Sohn 2021 ) that aligns fairly well with the MW SP
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Table 9 ; see also P a wlowski et al. 2013 ). In this contribution, we
onsider whether their SPs could have formed as TDGs born in a
ast flyby encounter between the MW and M31 ≈7 Gyr ago. Such a
yby is required in MOND (Zhao et al. 2013 ) due to the rather strong
W–M31 mutual gravity acting on their nearly radial orbit (van der 
arel et al. 2012 , 2019 ; Salomon et al. 2021 ). For the first time, we

imulate this flyby with hydrodynamic simulations by building on the 
arlier restricted N -body simulations of BRZ18 (gravity sourced by 
wo point masses), where it was shown that the MW–M31 trajectory 
n MOND can plausibly be made consistent with the cosmological 
nitial condition of little peculiar velocity at high redshift (the timing 
rgument; Kahn & Woltjer 1959 ). 

In this contribution, we conducted our hydrodynamical simula- 
ions of the flyby using POR , extending the N -body flyby models of
 ́ılek et al. ( 2018 ). The MW and M31 disc templates were initialized

imilarly to Banik et al. ( 2020 ), which presented a fairly realistic
OND model of M33 that a v oided some of the problems that arise
hen simulating it in Newtonian gravity with a live CDM halo 

Sell w ood et al. 2019 ). The barycentric position and velocity of
he MW and M31 were initialized similarly to BRZ18 . Although our
OR simulation does not allow star formation and adopts a rather 
igh gas temperature of 465 kK, it should be enough to determine
he orbital pole distribution of the tidal debris around each galaxy. 
ur main goal was to check if they prefer a particular orbital pole,

nd if so, whether this aligns with the actually observed SP of the
ele v ant galaxy. More detailed simulations are necessary to follow 

he formation of individual TDGs out of the tidal debris. 
We advanced the MW and M31 for 8.2 Gyr, with ≈1 Gyr of this

efore the flyby. The timing argument mass of the LG in this model is
 . 457 × 10 11 M 	 as estimated by SAM, which is slightly on the high
ide but still reasonable (Section 3.1 ). The galaxies separate to a large
istance and retain rather thin discs, with very little material ending 
p outside both discs (Figs 1 and 2 ). This is because the relatively
istant encounter compared to the disc scale lengths (Fig. 3 ) limits
ynamical friction and tidal disruption during the flyby. The MW–
31 orbital geometry in our best-fitting model is consistent with 

he observed M31 PM (Section 3.2 ). This is a non-trivial success
ecause it was not considered a priori when exploring the parameter 
pace and because the latest constraints (Salomon et al. 2021 ) are
ight enough that not all orbital geometries are allowed for fixed h
Fig. 5 ). 

The tidal debris around the MW prefer a particular orbital pole, 
ith the preferred direction aligning fairly well with the observed 
rbital pole of its SP (Fig. 7 ). The same is true for M31 (Fig. 8 ). Our
odel naturally yields a more concentrated distribution of orbital 

oles around M31, in line with observations (P a wlowski et al. 2013 ).
hese results are not much affected by the precise definition of the
atellite region (Appendix D ). 

The encounter does not destroy the discs of the MW and M31,
oth of which retain a flattened disc by the end of the simulation
top right panels of Figs 13 and 14 , respectively). The spin vectors
f their discs are quite similar to observations (Table 10 ). In the
yby scenario, we expect that the Galactic thick disc formed by 
ynamical heating of a pre-existing stellar disc (c.f. the thickening of
oth discs in the N -body simulations of B ́ılek et al. 2018 ). Bearing in
ind that the simulated Galactic stellar disc today corresponds to its

bserved thick disc due to the lack of star formation in our models,
he simulated � � profiles of the disc remnants are broadly consistent 
ith an exponential law with a reasonable scale length (Section 3.4 ).
his also applies to the Galactic gas disc remnant. Most importantly, 
ur model indicates that the M31 disc should be dynamically hotter 
han the MW disc, as observed (e.g. Collins et al. 2011 ). 
While our model is promising in many respects, a higher resolution 
imulation would be required to form individual TDGs and compare 
heir properties with observations of LG satellites. For instance, 
t would be interesting to determine the mass–metallicity relation, 
hich is expected to be rather similar to primordial satellites because

he MW–M31 flyby was so long ago (Collins et al. 2015 ; Recchi
t al. 2015 ) and because the tidal debris would mostly come from the
utskirts of the MW and M31 discs ( BRZ18 ). Any TDGs formed out
f the MW–M31 flyby could have undergone significant enrichment 
t later times, especially given their strong self-gravity in MOND. 
his is related to the star formation histories of the TDGs, which are
otentially problematic for our model (Weisz et al. 2014 ) because
e would in general expect only a small fraction of their stars to
e substantially older than the flyby. A significant fraction of the
tellar mass in the LMC seems to be older than plausible estimates
or when the flyby occurred (Harris & Zaritsk y 2009 ; Nidev er et al.
021 ). The solution might lie in a slightly earlier flyby combined
ith a low star formation efficiency in the tidal tails, increasing

he relative importance of stars drawn from the parent galaxy 
Section 4.1 ). 

Although our study focused on the LG SPs, a similar scenario
ould be responsible for the Cen A SP (M ̈uller et al. 2018a , 2021 ).
his might have formed due to a past M83 flyby, or it could be

elated to the major merger that Cen A likely experienced ≈2 Gyr
go (Wang et al. 2020 ). In the latter case, the SP members should be
ore metal-rich (Duc et al. 2014 ), though this need not be the case in

he LG due to the much more ancient interaction (Recchi et al. 2015 ).
orming an SP out of a merger in principle allows a much wider range
f initial orbital configurations because the merger geometry is not 
onstrained independently of the SP. There is also only one SP to
atch rather than the two in the LG. As a result, similar modelling

ttempts around Cen A are likely underdetermined unless additional 
bservational constraints become available. Alternatively, the Cen A 

P might be related to a past interaction with M83, whose satellite
ystem also appears to be flattened (M ̈uller, Rejkuba & Jerjen 2018b ).
ne difficulty is that distance uncertainties make it challenging to 

dentify a distant plane of satellites viewed close to face-on. Further
bservations are needed to clarify the situation for M83 and to better
haracterize the SP around Cen A, whose properties are less well
nown than for the SPs in the LG. 
The LG SPs (re vie wed in P a wlo wski 2018 , 2021 ) pose a se vere

hallenge to � CDM due to the combination of their extreme
atness and coherent rotation (suggestive of dissipation), their mutual 
lignment within 37 ◦ (suggestive of a common origin), and the high
int of their member satellites (ruling out that they are TDGs obeying
ewtonian gravity). The issue is not much affected by baryonic 
hysics (P a wlowski & Kroupa 2020 ; Samuel et al. 2021 ), suggesting
 fundamental problem. We therefore considered a MOND model of 
he LG (for a discussion of larger scale issues, see e.g. section 3.1
f Haslbauer et al. 2020 ). We showed here that the past close MW–
31 flyby required by this framework (Zhao et al. 2013 ) leads to the

ormation of tidal debris around each galaxy, with a preferred orbital
ole in each case. This direction aligns with that of the observed
P for both the MW and M31. The two galaxies reach a realistic
ost-flyby separation with a reasonable relative PM in accordance 
ith the latest constraints. The MW and M31 also retain thin discs
ith realistic properties by the end of the simulation. Therefore, 

t might be possible to explain their SPs in a Milgromian frame-
ork while remaining consistent with other constraints, the only 

ruly significant challenge for the particular flyby scenario studied 
ere being the ages of the stellar populations within LG satellite
alaxies. 
MNRAS 513, 129–158 (2022) 
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PPENDI X  A :  SETTING  U P  T H E  PA RTI CL E  

ASSES  IN  T H E  SI MULATI ON  

n important new aspect of the present POR simulations is that we
eed to consider the outer parts of the simulated discs in much greater
etail, since we expect these regions to be the original source material
or the SPs ( BRZ18 ). Material at an initial galactocentric distance
f ≈50 kpc would be very poorly resolved with a feasible number
f equal mass particles, so we need to vary the particle masses
n our disc templates. This differs from previous POR simulations
e.g. Banik et al. 2020 ). We therefore adjust the DICE algorithm as
escribed below. 
To maintain an exponential surface density profile for each

omponent, we require that the particle mass m at some location
s 

 ( x ) ∝ 

x exp ( −x ) 

P ( x ) 
, (A1) 

here P dx is the probability of a randomly chosen particle having
ome particular x ± d x /2, with x being the galactocentric radius in
nits of the exponential scale length for the considered component.
 or different re gions to be resolv ed similarly well despite the
xponential profile, P should be roughly constant. P can theoretically
av e an y non-zero value at any x in the range we wish to model,
ecause this can al w ays be compensated by adjusting m so as to
atisfy equation ( A1 ) and maintain the surface density profile. We
ound that setting P to a constant everywhere leads to disastrous
umerical effects at low x because here we would need m → 0.
ince the central regions of a disc are most unstable to self-gravity,

t is essential to minimize artificial relaxation effects here. This can
e done if all particles have a similar mass in the central few scale
engths. Our compromise solution is 

 ∝ tanh ( αx ) . (A2) 

etting the parameter α = 3 keeps m nearly constant o v er as large a
ange of x as possible. 

We assign each particle a scaled radius x using a Monte Carlo
echnique to realize the distribution 

 ( x ) = 

α tanh ( αx ) 

ln cosh ( αx max ) 
, (A3) 

here x max ≈ 25 is the maximum normalized extent of the considered
omponent. The azimuthal angle is drawn randomly from the
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ange (0–2 π ), while vertically we use a sech 2 profile. Both the 
adial and the vertical probability distributions can be integrated 
nalytically, simplifying the code. Particle masses are then assigned 
sing equation ( A1 ). To ensure the correct normalization, we multiply
he masses of all particles in the considered component by a common
actor. These adjustments to our modified DICE are enabled by setting 
he flag Equa l ma ss pa rtic le s to 0, while using the default value of
 causes the particles to have an equal mass within each component
as done in Banik et al. 2020 ). 

In this way, we are able to adequately resolve the outer parts of the
iscs while minimizing numerical relaxation effects in their central 
egions. Relaxation is much less important in the outskirts, where 
he very weak self-gravity means that any particle is essentially just
 test particle orbiting the central region. This is probably why radial
ariations in m in the outskirts of each disc did not cause numerical
ifficulties. 

PPEN D IX  B:  INITIAL  G A S  DISC  T H I C K N E S S  

t each radius within the MW or M31, the vertical profile of
he gas disc follows a sech 2 law with characteristic thickness as 
hown in Fig. B1 . The thickness profile is similar to that used
y Banik et al. ( 2020 ) in their 100 kK model of M33 (see
heir fig. 3). 

igure B1. Initial sech 2 thickness of the MW (red) and M31 (blue) gas
iscs as a function of cylindrical polar radius, as found by our adapted DICE

lgorithm (Section 2.3 ). 
PPENDI X  C :  EXTRAC TI NG  T H E  M W – M 3 1  

R A J E C TO RY  F RO M  T H E  SI MULATI ON  

e a v oid the need to save simulation snapshots except that of interest
y writing each galaxy’s centre of mass position and velocity to a text
le at every coarse time-step of the POR simulation. For concreteness,
e focus on how this is calculated for the MW – the same procedure

s used for M31. While only a limited analysis is possible ‘on the
y’, this is sufficient to gain a reasonably good understanding of the
W–M31 trajectory as a basis for a more detailed analysis. 
We exploit the fact that each particle has a unique identifier,

llowing us to find the barycentre of all particles that were initially
art of the MW. We then find their root mean square (rms) distance
rom the MW barycentre in both position and velocity, which we
enote r rms and v rms , respectively. The ratio between the two is used
o define a characteristic time-scale 

 rms ≡ r rms 

v rms 
. (C1) 

e then iteratively repeat the calculation of all these quantities, each
ime considering only particles whose 6D position is within some 
hreshold distance r max from the barycentre identified at the previous 
tep. Differences in velocity are converted to equi v alent distances
sing t rms . 
After the first iteration, we consider all particles when finding the
W barycentre, since this could in principle be affected by material

hat has been accreted from M31. We set r max to 14.1 per cent of
he MW–M31 separation as calculated on the first iteration, i.e. by
onsidering only particles that were initially part of each galaxy. For
afety, we also restrict r max to the range 10–70 kpc. The convergence
ondition is that the 6D position of the MW barycentre should
o v e by < 0 . 01 r rms between successive iterations, with the abo v e-
entioned conversion between velocities and distances. We do not 

onsider the gas as this would be extremely difficult to analyse while
he simulation is running, but none the less obtain very accurate
esults using particles alone. The gas is considered when analysing 
he desired simulation snapshot in more detail. 

PPENDI X  D :  TI DAL  DEBRI S  O R B I TA L  PO LE  

I STRI BU TI ONS  

n Section 3.3.1 , we presented the orbital pole distributions of
aterial in the MW and M31 satellite regions. This required us

o exclude the disc remnant, which we defined as all material within
50 kpc of the respective galaxy’s barycentre and up to z max = 50 kpc
rom its disc plane. To assess the impact of varying the adopted
 max , we use Fig. D1 to show the MW satellite region orbital pole
MNRAS 513, 129–158 (2022) 

art/stac722_fb1.eps
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M

Figure D1. The orbital pole distribution of material in the satellite region of the MW (top) and M31 (bottom), shown similarly to Figs 7 and 8 but with an 
e xcluded re gion up to z max = 40 kpc (left) or z max = 60 kpc (right) to remo v e the disc remnant. The e xact choice of z max has little effect on our results. 
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istribution if instead z max = 40 kpc (top left panel) or 60 kpc (top
ight panel). The bottom panels of Fig. D1 show the corresponding
esults for M31. It is clear that for both galaxies, the preferred SP
rbital pole direction and the orbital pole dispersion are little affected
y the choice of z max . 

PPENDIX  E:  A  H I G H E R  RESOLUTION  

IMULATION  

o check the numerical consistency of our results, we rerun the POR

imulation with the maximum number of refinement levels raised
rom 12 to 13 (Section 2.6.2 ). This reduces the size of the smallest
as cell from 1.5 to 0.75 kpc. The results remain very similar, except
or a small difference to the σ z profile of the MW. We therefore
how this in Fig. E1 . The main difference is in the central region,
resumably due to the impro v ed resolution. σ z is now higher than
ts initial value at all radii. It also has a much steeper decline away
rom the disc centre. This makes the shape of the σ z profile more
imilar to that of M31 (Fig. 14 ), which changes little due to the
igher resolution (not sho wn). Ho we ver, σ z is still higher for M31
han for the MW at low radii. This is also true further out, where
he impro v ed resolution slightly reduces the Galactic σ z , leading to
etter agreement with observations (Yu & Liu 2018 ). A dynamically
otter stellar disc for M31 compared to the MW therefore seems to
e a robust feature of our model, which also accounts for the opposite
ituation with their SPs. 
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igure E1. Evolution of the Galactic σz profile, shown similarly to the
ottom right panel of Fig. 13 but for a higher resolution simulation in which
e allow up to 13 levels of refinement rather than 12. The result now matches

he data point at 40 ± 10 km s −1 for the Solar circle (Yu & Liu 2018 ). 
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