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Introducing the participants

credit: Gaia collaboration



Introducing the participants
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LMC factsheet

>
>
>
>
>
>

stellar mass: ~ 3 x 10° M, [van der Marel+ 2002]

total mass: ~ (1 —2) x 10 Mg, [Erkal+ 2019; Shipp+ 2021; Koposov+ 2023; . .|

current distance: ~ 50 kpc [Pietrzyriski+ 2019]

high tangential velocity (2 300 km/s) [Kallivayalil+ 2006, 2014]
receding from the Milky Way (v, ~ 70 km/s)

Just passed its pericentre, likely for the first time [7]
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Sensitivity of the inferred LMC trajectory
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Sensitivity of the inferred LMC trajectory
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Masses of the Milky Way and the LMC

M(<n[10Mo]
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Initial models of both galaxies

enclosed mass [10"! M_]

10.0

5.0 Vasiliev+ 2021
Koposov+ 2023

200 7 T
1.0
0.5
initial —-—-
current (all) ——
current (bound) «e---e-
0.2
$#T van der Marel & Kallivayalil 2014
0.1bLZ
5 10 20 50 100

distance [kpc]

200

model rg

L2 8.95
LMC halo 3 11.7

M10 15.0
MWrhalo 111 165
MW stars

Praio o< r (14 r/r) % exp [ = (r/rc)’]

re
[kpc]
160.9
220.6

500
500

see equations below

Nir

150
169

260
268

Mvir Mtotal Nbody
[10 Mg] [109]
1.92 20
276 30 2
10.0 11.8
11.0 129
062 1

Pbulge < (14 r/0.2 kpc)*l'8 exp [ —(r/1.8 kpc)2]

Mpuige = 1.2 x 101 Mg

Pdisc X €xXp [ —R/3 kpc] cosh 2 [2/0.5 kpc]

Mdisc =5x 1010 M@

N-body simulations using GYRFALCON [Dehnen 2000], one full-res run (107 particles) = 40h



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:

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

» nonlinear coordinate transformation to "straighten” a curvilinear trajectory;

» 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);
method is included in the repository (zenodo/8015660).

a Jupyter notebook illustrating the
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400

z [kpc]
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one iteration <
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delta fc[1]

[}

[

x

final points from
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prediction for IC
in the next iteration

a desired final point

00 01 02 03 04
delta t



https://zenodo.org/record/8015660

“Replaying” the simulation using a smooth evolving potential

Snapshots from the original N-body simulation — a series of Multipole or BasisSet
potential expansions representing both galaxies moving on pre-recorded trajectories.

Can be used to reconstruct %
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Past LMC orbits in the second-passage scenario

500 . .
M10 M1l
400 test orbit —-—
» previous orbital period: 6-10 Gyr g £2 — —
(< 10% difference in the MW mass = = 3007
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100}
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but the stronger gravitational pull from \‘ A
the LMC more than compensates this < 25 LY

..__\...
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Global perturbation of MW halo

The Milky Way is pulled towards the LMC,
but the displacement is not uniform in space.

velocity [km/s]

Milky Way reflex velocity

Y.

-20 -15 -1.0
time [Gyr]

-0.5

0.0



Global perturbation of MW halo

The Milky Way is pulled towards the LMC,
but the displacement is not uniform in space.

Milky Way reflex velocity

velocity [km/s]

In the MW-centred reference frame, outer halo appears
to move up and acquires a dipole “polarization pattern”.

-2.0 -1.5 -1.0 -0.5 0.0
time [Gyr]

' ’ . N-body sims [Garavito-Camargo-+ 2021,
PR e e g p see also Petersen & Pefiarrubia 2020],
f )] ’ ’ ' perturbation theory [Rozier+ 2022]



Global perturbation: predicted and observed signatures

Since the MW is pulled “down” (in z) recently,
perturbation is most visible in the north—south
asymmetry of density and line-of-sight velocities
at distances 2 30 kpc

[Erkal+ 2020; Cunningham+ 2020; Petersen & Pefiarrubia 2020]. -t L

Aol

density polarization [Conroy+ 2021]
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Sensitivity of the MW halo deformation to velocity anisotropy

L3—M10 L3 - M10

isotropic ' radially anisotropic
- ~1
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Perturbations in the MW disc

[ ]
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LMC induces a noticeable warp in the MW
disc at distances 2 15 kpc, qualitatively sim-
ilar to the observed one (but smaller in am-
plitude; see also Laporte+2018a,b).



Perturbations in the MW disc
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LMC induces a noticeable warp in the MW
disc at distances 2 15 kpc, qualitatively sim-
ilar to the observed one (but smaller in am-
plitude; see also Laporte+2018a,b).

The warp will become much stronger in the
future, the disc will be significantly heated,
and the stellar halo will increase 4x in mass.
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Satellites

current LMC
former LMC

X [kpc]



Classification of satellites using three different methods

1. particles from the simulation:
select particles from the present-day snapshot with probability proportional to the
distance between the satellite and the particle in the space of observables (sky position,
PM, vies, heliocentric distance), normalized by uncertainty in the satellite coordinates:
Pi o< exp [ - %(Xsat - xi)T Es_a% (Xsat - Xi)];
then count the fraction of matching particles coming from the Magellanic system:

Patimc = [ Licime Pi) /[ 22 Pil-

09— Tucanall

-1.0

currently bound to LMC
formerly bound
ey A MW-bound

-80

pmdec
A
aw
LI e s e
LS

distance to MW

vios
(N
e
BWN
3355860
L e e e
IR

T T T T
%
%
L
LI e e e
x'xE X
Lo S
o
L R
distance to LMC




Classification of satellites using three different methods

2. Gaussian mixture in velocity space
(PM + wv,s) from the simulation:
build two GMMs from all MW and LMC
particles within spatial region around the
satellite, then evaluate Psat,mw and PsatLmc
from these smooth probability distributions.
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Classification of satellites using three different methods

3. orbit rewinding:

sample a large number of points from the observational uncertainties in the satellite
coordinates;

integrate orbits backward in time in the pre-recorded smooth evolving potential
extracted from the simulation to obtain the initial phase-space coordinates 10 Gyr ago;
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Classification of satellites using three different methods

3. orbit rewinding:

sample a large number of points from the observational uncertainties in the satellite
coordinates;

integrate orbits backward in time in the pre-recorded smooth evolving potential
extracted from the simulation to obtain the initial phase-space coordinates 10 Gyr ago;

reweight the orbits according to the distribution functions of MW and LMC evaluated at
these initial phase-space points, and count the fraction of LMC-associated orbits.
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Classification of satellites using three different methods
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Satellites plane

Many satellite galaxies are located
close to the LMC orbital plane and
have similar orientations of angu-
lar momenta (a spatially and kine-
matically coherent structure).
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Satellites in the first- and second-passage scenarios

L2 — M10, first passage
Bogdbi
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Satellites plane from the accretion of the Magellanic system?

My,

This analysis suggests that many of the satellites belonging to VPOS may have
been accreted during the previous passage of the LMC (in the second-passage
scenario), but does not address the question how likely is this scenario itself.

[Taibi+ 2023 subm.]
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Summary

» LMC is currently only marginally bound to the Milky Way = past orbit is
very sensitive to small changes in its observed velocity or the assumed
Galactic potential.

» A second-passage scenario with a previous pericentre at ~ 100 kpc some
6-10 Gyr ago is possible, but not mandated (it mainly depends on the
Milky Way mass).

» Perturbations in the Galactic halo or disc are produced very recently =

contain no information about previous passage.

» Many satellite galaxies (in particular, belonging to the satellite plane) have
a considerable chance of being accreted from the Magellanic system.

» The simulations presented here should be viewed as a proof-of-concept, and
need to be followed by a more cosmologically motivated setup (e.g.,
filamentary accretion?).



