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The satellites plane
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Many satellite galaxies are located
close to the LMC orbital plane and
have similar orientations of angular mo-
menta (a spatially and kinematically
coherent structure)
[Kroupa+ 2005; Pawlowski+ 2012].
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using Gaia PM [Fritz+ 2018;

Pawlowski & Kroupa 2020]
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removing LMC satellites
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removing LMC satellites

adding PM uncertainties



Can LMC affect orbits of other dSph around the Milky Way?



LMC and the Milky Way dynamics

I MLMC ' (1− 2)× 1011 M� [Erkal+ 2019; Shipp+ 2021; Koposov+ 2023; . . . ]

I deflection of stellar streams [Koposov+ 2019; Fardal+ 2019; Vasiliev+ 2021; Lilleengen+ 2022]

I dipole perturbation of the outer halo [Garavito-Camargo+ 2019, 2021; Cunningham+ 2020;

Petersen & Peñarrubia 2020, 2021; Erkal+ 2021; Conroy+ 2021; Makarov+ 2023; Chandra+ 2023; . . . ]

I high tangential velocity (& 300 km/s) [Kallivayalil+ 2006, 2014]

I just passed its pericentre, likely for the first time
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LMC and the Milky Way dynamics

I MLMC ' (1− 2)× 1011 M� [Erkal+ 2019; Shipp+ 2021; Koposov+ 2023; . . . ]

I deflection of stellar streams [Koposov+ 2019; Fardal+ 2019; Vasiliev+ 2021; Lilleengen+ 2022]

I dipole perturbation of the outer halo [Garavito-Camargo+ 2019, 2021; Cunningham+ 2020;

Petersen & Peñarrubia 2020, 2021; Erkal+ 2021; Conroy+ 2021; Makarov+ 2023; Chandra+ 2023; . . . ]

I high tangential velocity (& 300 km/s) [Kallivayalil+ 2006, 2014]

I just passed its pericentre, likely for the first time [?]

2304.09136

may be for the second time?

2306.04837



Sensitivity of the inferred LMC trajectory
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Sensitivity of the inferred LMC trajectory
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Constraints on the MW and LMC masses
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Fitting the present-day position/velocity of the LMC

Need an accuracy better than 1 kpc and 1 km/s for a meaningful comparison of models!

Three key technical developments:

I extract smooth trajectories of MW and LMC from N-body sims;

I nonlinear coordinate transformation to ”straighten” a curvilinear trajectory;

I Newton iterative method with a Jacobian determined from an ensemble of nearby orbits.

Reach an acceptable solution in 5–8 iteration (using low-res sims at the initial stages).
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Past LMC orbits in the second-passage scenario
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I previous orbital period: 6–10 Gyr
(. 10% difference in the MW mass ⇒
& 30% difference in period!)

I previous pericentre distance: ∼ 100 kpc;

I more massive LMC ⇔ shorter period:
dynamical friction increases the period
[Kallivayalil+2013, Gomez+ 2015],
but the stronger gravitational pull from
the LMC more than compensates this
[e.g., Patel+ 2017, 2020];

I 1/3 of initial LMC mass is lost after the
first pericentre passage; present-day bound
mass is another 2× lower than 1 Gyr ago.

I use Multipole potential expansions to
represent the evolving potentials of both
galaxies and “replay” any orbit [Lowing+ 2011;

Sanders+ 2020; see also Garavito-Camargo+ in prep.]



Satellites
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http://eugvas.net/docs/talk_may24_lmcsecondpassage.mp4


Classification of satellite orbits
Determine the probability of Magellanic
association and the stripping time for
each of ∼ 60 Milky Way satellites:

Name MV D probability

Canes Venatici I −8.6 210
Canes Venatici II −4.6 160
Carina −8.6 106
Carina II −4.5 37
Carina III −2.4 28
Crater II −8.2 117
Delve 2 −2.1 71
Draco −8.7 76
Eridanus III −2.3 91
Fornax −13.4 147
Grus II −3.9 55
Horologium I −3.5 79
Horologium II −1.5 78
Hydra II −4.8 151
Hydrus I −4.7 28
Indus I −1.5 105
Leo I −12.0 258
Leo II −9.6 233
Phoenix II −3.3 83
Pictor II −4.2 46
Pisces II −4.1 183
Reticulum II −3.6 31
Reticulum III −3.3 92
SMC −16.8 63
Tucana II −3.9 58
Tucana IV −3.5 47
Ursa Minor −8.4 76
Virgo I −0.8 91
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Satellites plane
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Caveats
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I isolated MW–LMC sims – no cosmological context (e.g. MW mass evolution):
difficult to find precise MW–LMC analogues in cosmological sims. . .

I SMC is now heavily stripped, but it was much more massive in the past:
this affects the inferred LMC orbit (making it more bound, i.e. strengthening the case for

the second passage), but need to retain the SMC on the previous pericentre passage. . .

I Can LMC retain its gas reservoir during the previous passage?

I LMC trajectory in hydrodynamical sims may be quite different from
pure N-body [e.g., Lucchini+ 2021].

I other observational consequences?
halo perturbations are produced almost entirely in the last few

hundred Myr, no difference between 1st and 2nd passage scenarios

– unless the LMC period is shorter, e.g., 3–4 Gyr [Sheng+ 2024].

I any imprint on the LMC (& SMC) SFH? [e.g., Massana+ 2022; Ruiz-Lara+ in prep.]



Summary

I Past orbit of the LMC is very sensitive to the assumed Galactic potential;

I A second-passage scenario with a previous pericentre at ∼100 kpc
some 6–10 Gyr ago is possible, but not mandated ;

I In this case, many MW satellites have a considerable
chance of being accreted from the Magellanic system.

Welcome back my friends
to the show that never ends!
We’re so glad you could attend,
come inside, come inside.

Emerson, Lake & Palmer

Giorgio de Chirico – The prodigal son
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