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LCosmological-hydrodynamical simulation
the Milky Way's interaction W|th the

agellanic Cloud
in CDM and SIDM

Robyn Sanderson & Arpit Arora, Penn



characteristics of the mw-Imc merger
The LMC is thought to be on its first

approach to the MW

Quantity (Kallivayalil+2006, Besla+2007)
Mmw/Mime Its total mass is about 10-20% that
of the MW (based on “reverse
abundance matching”; Boylan-
dperi [kpC] Kolchin+2010, Guo+2010).

Viot [km/ S]

Tidal tensor
[Amax, 1/ Gyrz]

Time [Gyr]



Effects of the MW-LMC merger

T e Large Magellamc Cloud (LMC) Morig ~ 10" Msun = 0.1 Mmw
R (Mnow ~ 1019 Msun)
D ~ 50 kpc

~ scale radius of MW DM halo
~ 5x edge of MW disk

Small Magellanic Cloud (SMC) LMC’s DM debris

Mnow ~ 103 MSun .
f ) Collective
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LMC and SMC from Gaia EDRS3 - K. Loch Garavito-Camargo+2020
See also Besla+2019




Effects of the MW-LMC merger

o Large Magellanic Cloud (LMC) Morig ~ 10T Msun = 0.1 Mmw
(Mnow ~ 10° Msun)

Inferred shape of MW dark halo - Inferred shape of MW dark halo
if you ignore the LMC if you include the LMC

Based on modeling Gaia

- observations of a tidal
0.00 x (kpc)

126120 stream (Sagittarius)

Vasiliev+2021


https://www.youtube.com/watch?v=F_E0ziJkUPk
https://www.youtube.com/watch?v=zBtrPk18HYQ

Latte: Cosmological Milky-Way-mass systems

mbaryon — 7070 M@ |n|
Mpm = 35000 Mo

FIRE-2 feedback model
Hopkins et al. 2018

10 chemical elements

stars form in dense gas
n > 1000 pc-3



Latte: Cosmological Milky-Way-mass systems

mbaryon — 7070 M@ |n|
Mpm = 35000 Mo

FIRE-2 feedback mode
Hopkins et al. 2018

10 chemical elements

stars form in dense gas
n > 1000 pc-3



Density differences:
1 part in 100,000

DM-only: Hahn & Abel 2011

+baryons: Hahn, Rampf, &

Uhlemann 2021

ESA and the Planck Collaora |on .

Accelerating
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Time
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Expanding universe

gark matter in aark-matter-only simulation

100 kpc

Center is 1000s of
times more dense
~than background

t=13.7 x 109 yr

Wetzel+ 2016


https://ui.adsabs.harvard.edu/abs/2011MNRAS.415.2101H/abstract
https://ui.adsabs.harvard.edu/abs/2021MNRAS.503..426H/abstract
https://ui.adsabs.harvard.edu/abs/2021MNRAS.503..426H/abstract
https://ui.adsabs.harvard.edu/abs/2021MNRAS.503..426H/abstract

Latte: CosmologicallMilky-Way-mass jsystems

Mhalo — 1'2 X 1012 Msun

|Isolated: no massive
neighbor in ~5 Mpc

Selections made on
DM-only simulation




How we simulate SIDM

Follows Rocha+2013

hsi set globally by choosing 1/hg8 st [ >> H « Compute IMjand Pj using “coarse-

Look at particles whose hsiregions overlap grained” collisional Boltzmann treatment

choose 6t so that P o0t << 1 . . .
 Symmetrize over pairs of macroparticles

e If Pjj> 0:

 Determine whether collision occurs via
“rejection sampling” (compare a
random number to P)

* Collisions are hard-sphere elastic
scattering

* Determine velocity kicks to re-
distribute particles in phase space by
MC sampling isotropic distribution




Intuition from analytic models

» All else equal, we
should expect similar
tidal stripping in our
CDM and SIDM
simulations, based on
Slone+2021

e However their tests
used less massive

satellites (max m; =
1010.9), ..

e ...and no explicit
baryonic physics
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Intuition from previous simulations

05 L ' L | ' oo e rr ' oo R e ' L |

e Absent SIDM effects ® FIRE -2

we eXpeCt 0.0 0 Dark Matter Only
D1 Cintio et al. (2014a)

e The MW analog to be —opproet et al (2010
“cuspy” in the center,
witha ~ -1.5

2 (y(’ r vlr]

—1.0F

a |l
@

e The LMC analogtobe [ o °
less cuspy, with a Lol E
between -1.3 and -0.5, |
with a strong dependence sl 10

on M*/Mhalo



Intuition from previous simulations

* “the concentration of the
stellar distribution is more
important than the total
disc mass in creating
diverse SIDM density
profiles.” - Sameie+2020

» At late times (z>~2) galaxy
formation, not DM, Is the
dominant determinant of
the density profile in MVW-
mass halos

 SIDM amplifies this effect
(it’'s more responsive to the
stars than CDM) to solve
the diversity problem

Most star formatlon
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comparing cosmological hydro simulations

What is held constant What varies between runs
* Initial conditions  Dark matter
 Cosmology e Timing of supernovae =>
 Hydrodynamics o Star formation histories
o Gravity o Stellar mass (varies less for larger
systems)

* Numerics (softening, timesteps,
etc)

 Feedback prescriptions

* Physics of gas cooling/heating”



Arora, Sanderson et al in prep

LMC star

Mimc = 2.08 X 101M o
dcen — 3120 kpC




Arora, Sanderson et al in prep

LMC star

Mimc=2.14 X 101M 0
dcen — 3000 kpC




Main galaxy: illustrating the role of fiddling with baryonic physics

7=0.49 7=0.43 Arora, Sanderson et al in prep

SIDM, fixed o =1 cm?/g
+ modified FIRE-2 recipes

1k : ]
1 kpc =" (cosmic ray heating)

CDM + original FIRE-2 recipes



Evolution of main galaxy in CDM/SIDM

Arora, Sanderson et al in prep

5 10
Age [Gyr]




Evolution of main galaxy in CDM/SIDM

Arora, Sanderson et al in prep

Redshift
10 0 2. O 1. O 0.5 0.0
@m& 1011 S— CDM -*’J. Baryonic MW
El—lx — SlDM//COntraChOn ‘;\—\—
& 109_
o
© s |
\Ll , /', . —- star . —— dark
e 107 —— —
1.0 5. O 10.0 13.8
Age [Gyr]
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Evolution of main galaxy in CDM/SIDM

Arora, Sanderson et al in prep

Redshift
10.0 2.0 1.0 0.5 0.0
! | ! L : !
1011 —com <. MW
— sioM” TS
109_ 55
10/

Age [Gyr]

Baryonic contraction not as
pronounced in SIDM sim (no
starburst; lower stellar mass)




SIDM scattering rate in the main halo

Interaction region

extends to
101 ~20 Kpc,

constant
""\ in time

N
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-
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Post-starburst,
effect ofdifferences

1075 -
- _ In central galaxy 0
y N — z=1
108+ — z=2

f Pre-starburst,
geffect of SIDM
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SIDM scattering rate in the main halo

Interaction regign Arora, Sanderson et al in prep

extends to
101 ~20 Kpc,
e constant
i
- "'\ in time
O | 1T,
bl :
3 o "\ T—— LMC analog,
*@ £= . | smeared out over the sphere
— z - N
|—m ].O 3 > =2 \
— £ = Zperi |

1




T — Q_go 3 Gyr Arora, Sanderson et al in prep

50 < r < 60 kpc

<4l >
0.001 0.01 0.1 1 2

Mscatter [GYr—!1




The LMC anaIOg at pericenter Arora, Sanderson et al in prep

z=0.49 z=0.43

; ¥:

CDM SIDM
Mivc/Mumw = 7.8 Mivic/Mmumw = 4.8
dperi = 38 kpC dperi = 51 kpC

10 kpc 10 kpc



Properties Of the LMC analog Arora, Sanderson et al in prep
LMC

LMC 1012

1=-=-=- M., —— Mpm,r=<30 —-= Mpm
CDM Jmimmm s i e N T = s A,
SIDM 1011 AR

As with main galaxy, N
stellar mass in CDM due to ™
baryon physics differences -

Time [Gyr]



Properties Of the LMC analog Arora, Sanderson et al in prep
LMC

LMC 1072

1-=-=- M., - MDM,rsBO —-= Mpm
CDM _._,==—_-::::f:r:f=':f:r:f:r:':’3::_:'\{;5\5'\"\';"””'\'\.x-\/‘.\.\,\\.
11 M
---- SIDM 10+ -

But same DM mass,
and higher Mpm/M-

———--~—~’—~q

1010‘§ than MW

R [kpc] 2 —1 0 1
Time [Gyr]




Properties of the LMC analog

LMC

CDM
---- SIDM

Arora, Sanderson et al in prep

LMC

] = - .- M
- *

—— Mpm,r=<30

—— CDM (G—--,tLMCc
i aravito-uvamargo+,

50 — SIDM 5050

50 - ]

50 -

—1 0\ 1.
: CDM has slightly
Time [Gyr] (ioser pericenter



Properties of the LMC analog

LMC

CDM
---- SIDM

Tidal stripping‘
106_: —— +0.5 Gyr
—_— 0.0 Gyr
i 0.5 Gyr
1 — =1.0 Gyr
10° -+ B
1 10 30
R [kpc]

Arora, Sanderson et al in prep

Quantity LMC . CDM. . SIDN!
simulation | simulation
Mmw/Mimc [9—10 7.9 4.8
dperi [KpC] 50 38 56
Viot [kKmM/S] 380 350 292
Tidal tensor o3 31 11

[Amax, 1/ Gyrz]

Tidal stripping is 3x stronger in CDM
due to difference in central galaxy
concentration — baryons, not DM.




Properties Of the LMC analog Arora, Sanderson et al in prep

1L MC As for main galaxy, CDM forms more stars
over time due to baryonic physics differences

CDM LMC
---- SIDM

W

N

=

SFR [My/yr]

0

75 —50 =2.5
10 30 T [Gyr]

At this mass scale one expects repeated
R [kpc] starbursts to create a core...yet SIDM is still

more cored than CDM —> DM, not baryons?

O
o




Properties of the LMC analog

LMC >
>3
n
CDM g
---- SIDM
>3
\\ A H
K i —— CDM  —— SIDM LMC
\ — Much larger central stellar
9 density -> probably still a
R kv, __" baryonic effect...
R N 108' T
Q ] T e T — . — e
™ - W e T — —
10 30 vi —.- star —— dark
Q: ...but lower stellar/DM ratio in
IDM sim bodes well for the future!
R [kpc] —2 iy 0 1

Arora, Sanderson et al in prep

Time [Gyr]



Properties Of the LMC analog Arora, Sanderson et al in prep
LMC LMC

—— CDM
0
---- SIDM — 107
T i
LS
p-
, O
R - 5,
\ E 10 i
\\ _‘-lj
N\ © .
X O -
I_cn | — 0.0 Gyr
| — —=1.0 Gyr
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—— 10~ - -
10 30 1 30




Arora, Sanderson et al in prep

compare to expectations from analytics

LMC

 Ram pressure stripping e

contributes about 2-3% of Z® 4

total mass loss |_? 0 =——=~ ‘Y"“ '
 [iming is different - RP . T —— 107 X Mgpe ‘1

stripping symmetric around o —50 1 — 102 X Mes

pericenter, but tidal Z |

stripping mostly post-peri | | '

PpPINg YP P iy —1 0 1

T [Gyr]




compare to expectations from analytics

< 1lel5 LMC
 Ram pressure stripping % _05 W’
contributes about 2-3% of X "
total mass loss © —1.0-
= \
« Timing is different - RP S _15{— o™ WA
stripping symmetric around =
pericenter, but tidal
stripping mostly post-pers S oo2&l3 LMC
N
» Deceleration from ram £
pressure drag does work 'y 05
on earlier timescale relative s
to dynamical friction "é
Arora, Sanderson et al in prep 2 —1.0 |
—2 -1 0



Mergers are a potentially powerful probe of
velocity-dependence in the cross section

- Slone+2021
Oeff dominated on | ORPe
by this stuff LM C DM C\E IOO§ :
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summary

o Satellites amplify interaction rate * Untangling baryonic / DM effects is
significantly, locally complex, but possible with
controlled numerical experiments
* Orbital evolution consistent with and good choice of tests

analytic expectations
» Real galaxy properties do vary by

* Timing offset of RP and DF effects this much, so this is a useful real-
poses interesting possibilities world exercise

* Tidal interactions probe the range * Do we really know the LMC/MW'’s
where do/dv large, and produce properties well enough yet to match
correlated v(r) - incorporating sims to the level needed to test
velocity dependence in future sims DM?

IS crucial to properly exploiting this



