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Observed kinematic maps (from Gaia DR3)
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Kinematic deprojection of the LMC
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thin-disc approximation:

assume that all stars are located in one plane (z' = 0);
determine its orientation (inclination /, line-of-nodes Q)
by minimising the vertical velocity v,

Observer (x,y) plane

(,y") plane

[illustration from Jiménez-Arranz+ 2023]
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Kinematic deprojection of the LMC

i =27°,Q = 310°
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Kinematic deprojection of the LMC 1=27°,Q = 320°

= D =
@ @ Q
1 = =) =t
> > >
gl R « T ol
8 6 4 2 0 -2 -4 —6 -8 —2 -4 -6 -8 0 -2 -4 -6 -8
X [deg] X [deg] X [deg] X [deg]
30 35 40 45 50 55 6.0 15 16 1.7 1.8 1.9 2.0 2.1 2.2 0.0 0.1 02 0.3 0.4 05 0.6 0.7 220 240 260 280 300
2
log,,X [stars/deg” ] px [mas/yr] py [mas/yr] U)o [km/s]
100 8 8
— ol | ol W‘ |
’URr E B 3 . ..
4+ H 4+ “ 1
2t 1 2t a0 .'! 1
) o o) 4
2 2 o 1 2 o 1
> S >

-2 -4 -6 -8

8
x' [kpc]
—100 =50 0 50 100
v, [km/s]

- M
-2 -4 -6 -8
x' [kpc]

v, [km/s]



Y [deg]

velocity [km/s]

of the LMC

i =27°,Q = 330°

Kinematic deprojection
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Kinematic deprojection of the LMC /
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Kinematic deprojection

of the LMC
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velocity [km/s]

Kinematic deprojection of the LMC

» apparent disc major axis misaligned with the line of nodes
> residual vy ~ a few km/s even in the best orientation
» clear (and asymmetric) quadrupole in Vg’ in the bar region

N » Vg > 0 in the outer parts of the disc (for i = 27°)

8 6 4 2 0 -2 -4 -6 -8

X [deg]
30 35 40 45 50 55 6.0
log, ¥ [stars/deg” ]

100 8 — 8 8 T T T T
s 6L 6f 4 6 & g 1
o {;ﬂ P

4r 4+ 1 4+ 4 4
- 2+ _ 2F 1 - 2t B ,.1-
g of £ { & ofge WR 4o B
7 ol jgpe 1 7 ‘ ‘i\."
—af -4t i - L ".;;.:
-6} —6} i _el '7‘
6 o . N 110 ol
8 8 0 -2 -4 -6 -8 8 6 4 2 0 -2 -4 -6 -8
x' [kpc] x' [kpc]
-20 -10 0 10 20 -100 =50 0 50 100 -20 -10 0 10 20
vy [km/s] v, [km/s] v, [km/s]



Modelling objectives and challenges

Want to infer/constrain:
orbital history of the LMC around the Milky Way
orbital history of the SMC around the LMC

initial & current structure and mass loss history of both Clouds

vvyyvyy

origin of the LMC bar and its pattern speed



Modelling objectives and challenges
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Want to infer/constrain:

orbital history of the LMC around the Milky Way

orbital history of the SMC around the LMC

initial & current structure and mass loss history of both Clouds

origin of the LMC bar and its pattern speed

For a reliable comparison between models and observations, one needs to match
current location and velocity of both Clouds
orientaion of the LMC disc and the bar

kinematic features of the LMC disc: V4(R’), bar-induced quadrupole in Vg,
velocity dispersions in all three components...

geometry of the SMC (extended depth along the line of sight)



Modelling approaches (1)

Test-particle simulations [e.g., Belokurov & Erkal 2019, Cullinane+ 2022]:

adopt a fixed potential of the LMC moving on a pre-computed trajectory
(orbit rewinding), initialize an LMC disc in equilibrium, integrate particle orbits
accounting for the MW tidal field and the SMC flyby.

+ fast (seconds to run)

+ exact control on the orbits, orientation and current potential

— no dynamical consistency between the adopted potential and the actual particle
distribution (bar instability cannot be followed; disc plane remains fixed)

— dynamical friction has to be imposed by hand; no deformation of the potential

1050 Gyr 1= 000 Gyr

now




Modelling approaches (3)

N-body/hydro simulations [eg., Besla+ 2010, 2012; Jiménez-Arranz+ 2024]
+ most realistic, gravitationally self-consistent

+ dynamical friction and halo deformations occur naturally
(if the MW is modelled as a live system)

— expensive (hours/days to run)
— difficult to control the present-day state (centre position/velocity, orientation, ...)



Modelling approaches (3)

N-body/hydro simulations [eg., Besla+ 2010, 2012; Jiménez-Arranz+ 2024]

+ most realistic, gravitationally self-consistent

+

dynamical friction and halo deformations occur naturally
(if the MW is modelled as a live system)

— expensive (hours/days to run)

— difficult to control the present-day state (centre position/velocity, orientation, ...)
+ a workable iterative approach for fitting the orbit of one ,,

or two galaxies has been developed [vasiliev+ 2021, 2023, 2024], 400}

but it needs to be generalised to fit all three.. 350
300

illustration of fitting the orbit of the % 2505~ test,potl
LMC around the MW in two potentials 2 200 — testpot2
(lighter/heavier MW) and three cases: 150p ::i:g Zx'pou

. ,pot2
test-particle LMC; 100F ___ live mw,pot1
live LMC but fixed MW potential, 50F -~ live mw,pot2
and both galaxies moving/deforming T

time



Modelling approaches (2)

+ +

"Restricted N-body" simulations [e.g., Vasiliev-+ 2021 for the Sagittarius dSph]:

sit between test-particle sims and SCF (self-consistent field) method;

integrate particle trajectories and update the potential once in a while,

using a low-order multipole expansion.

semi-fast (seconds/minutes)

galaxies follow prescribed orbits, good control on orientation and current potential
can describe bar formation and disc warping

dynamical friction has to be imposed by hand; no deformation of the host halo
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Observational kinematic maps of the
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Simulation of LMC passing around MW (no SMC, TP)
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gets the large-scale ellipticity of the disc about right
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Simulation of LMC passing around MW (no SMC, RN
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forms a bar (independently of the MW tidal perturbation!);

qualitatively matches
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velocity [km/s]

Simulation of LMC perturbed by SMC flyby (no MW, NB)
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also forms a bar during the SMC flyby; its orientation
can likely constrain the time of the pericentre passage
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Past orbit and constraints on the masses of all three galaxies

Is SMC even bound to LMC at early times?
or how many pericentre passages around the LMC it has completed?

SMC-LMC distance [kpc]

-5 -4 -3 -2 -1 0
time [Gyr]



Past orbit and constraints on the masses of all three galaxies

Is SMC even bound to LMC at early times?
or how many pericentre passages around the LMC it has completed?

Could it remain bound to the LMC in the second-passage scenario, in which the
LMC had another encounter with the MW at a distance ~ 100 kpc?

If this scenario is ruled out, this places interesting constraints on the MW mass.

o Dear Magellanic Clouds, welcome back! [Vasiliev 2024]
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Outlook

obtain kinematic maps of MCs from Gaia

» develop simulation methods of different levels of complexity/realism

v

vV vV Vv Vv

construct a library of simulations for different choices
of initial structure, sampling over uncertainties in
present-day position /velocity of both Clouds

explore the orbital and mass loss history of MCs
understand the origin and properties of the LMC bar
test the viability of the second-passage scenario

use MCs to constrain the Milky Way potential
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Outlook

» obtain kinematic maps of MCs from Gaia

» develop simulation methods of different levels of complexity/realism
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construct a library of simulations for different choices

of initial structure, sampling over uncertainties in
present-day position /velocity of both Clouds

explore the orbital and mass loss history of MCs
understand the origin and properties of the LMC bar
test the viability of the second-passage scenario

use MCs to constrain the Milky Way potential i ot
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