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Abstract: Stellar streams are a powerful tool for mapping of the Galactic matter distribution. Thanks to Gaia we now have full 6D (con
phase-space) view of a quickly growing subset of the Milky Way streams. These stars are precious as they can shed light not only
broad-brush structure of the Galaxy, but also reveal small time-evolving perturbations of the Galactic potential. | will use the Sagittarius a
Orphan streams to present the most recent measurements of the dark matter halo of the Milky Way and one of its sub-halos.
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The mission of
the mission

Mass distribution in the Milky Way
Dark Matter properties
Formation of the Galaxy

equilibrium
well-behaved

some symmetry

or changing adiabatically

mass component
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Stellar and dark halos
are linked

Dark Matter halo 90% mass

Pirsa: 21020021 Page 4/59



shells/clouds streams satellites

massive satellites lower-mass satellites
radial orbits tangential orbits
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Information content

- Satellites:
targets for indirect DM searches

- Streams:
unique probes of DM

-+ Shells/clouds:
likely to dominate local
density, important for direct detection
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Satellite revolution

SDSS, PS1, DES, VST, SMASH etc
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Stream revolution

A
100 Gaia discoveries:
e.g. Malhan, Ibata, Myeong
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1y} DES discoveries:
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SDSS streams

\iID st al O
VB et al 2006
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SDSS streams

VB et al 2006
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Gaia detections
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Stream mechanics
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Stellar tidal
stream formation
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Stellar tidal
stream formation

higher energy
higher angular momentum

lower energy
lower angular momentum
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Streams
delineate orbits
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Streams are not orbits
Energy and angular momentum

r=2.001 Gyr
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Streams are not orbits
Energy and angular momentum

4000 }

2000 |

4000 |

20000

!

AE /km? s°

10000 0 10000 20000

3.347 Gyr
50|
% (}ll
501
50

0 50

x/kpc

Page 18/59



Streams are not orbits
Energy and angular momentum
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Streams are sensitive
to low-mass perturbations

DM sub-halo

stream
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Stream perturbation
evolution
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There can be more
drastic perturbations
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There can be more
drastic perturbations
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Why are Orphan and

Sagittarius special?

* The two most luminous and longest streams in the
Milky Way

* No satisfactory models after multiple attempts
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Orphan Stream

o L)
ROYAL ASTHONOMICAL $0E1ETY 2
MNRAS 485, 47264742 (2019} doi: 10, 1093/ mnras/stz457
MAdvance Access publication 2019 February 13

Piercing the Milky Way: an all-sky view of the Orphan Stream

S. E. Koposov “,2* V. Belokurov ©,>* T. §. Li,* C. Mateu “ ® D. Erkal © 7
C. J. Grillmair,® D. Hendel “,” A. M. Price-Whelan *,'* C. F. P. Laporte, '
K. Hawkins “,'? S. T. Sohn,'* A. del Pino,'* N. W. Evans,”> C. T. Slater,'*
N. Kallivayalil'® and J. F. Navarro'®t

(The OATSs: Orphan Aspen Treasury Collaboration)

i ®
AEOYAL ASTRONOMICAL SOCLETY
MNRAS 487, 26852700 (2019} deaiz 10, 1093 mnrasfstz 1371

Advance Access publication 2019 May 17

The total mass of the Large Magellanic Cloud from its perturbation on
the Orphan streamk

D. Erkal “,!* V. Belokurov “,>> C. E. P. Laporte-,"? S. E. Koposov 29T, 8, Li,%
C. J. Grillmair,® N. Kallivayalil,” A. M. Price-Whelan,'® N. W. Evans,? K. Hawkins “,!"
D. Hendel “,'? C. Mateu ,'* J. F. Navarro,'*{ A. del Pino,"” C. T. Slater'®
and S. T. Sohn'®
(The OATs: Orphan Aspen Treasury Collaboration)
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Z, kpc
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Z, kpc
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Full 6-D characterisation
of the stream
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Full 6-D characterisation
of the stream
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Full 6-D characterisation
of the stream
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Stream-motion
misalignment
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An attempt to
model the stream

—— NOLMC === Mc=2x101""M, Mimc =1.2 x 1011M o
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An attempt to
model the stream
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Best-fit model
of the Orphan stream
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Best-fit model
of the Orphan stream

Modei% Modeif% . Observedg{—zi
_ 1.0
o
prar}
©
5 0.5 1 i
QL ST -
Lé : .."-f)o.- . % . *
. f | -.....o. ey . ¥ :.- -
% 0.0‘ . . 4 ‘o--..ﬂol
g ! ¢
¥ _pi5
100 -
S ]
Q
X
O
Z
:
-
3
10 T T T T
—-100 -50 0 50 100 150
¢1(°)

Pirsa: 21020021 Page 38/59



Orphan stream in the
presence of the LMC

Milky Way + LMC
t = -0.34 Gyr, r(LMC-Orphan) = 49.7 kpc

Crlral \/I ot ol 740
Erkal, VB et al 2019

Measurement of the total
mass of a dwarf galaxy

™
=R
x
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In agreement with other

estimates

e.g. Penarrubia et al (2016)
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Orphan stream in the
presence of the LMC
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Orphan stream in the
presence of the LMC

Milky Way + LMC
t = 0.00 Gyr, r(LMC-Orphan) = 37.4 kpc
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Orphan stream in the
presence of the LMC

Erkal. VB et al 2019 Milky Way + LMC
s i t = 0.00 Gyr, r(LMC-Orphan) = 37.4 kpc

Measurement of the total
mass of a dwarf galaxy
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Is it a big deal?

Galactic cumulative mass profile
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Orphan stream in the
presence of the LMC

Erkal. VB et al 2019 Milky Way + LMC
Sl DESANIR S Bt t = -0.75 Gyr, r(LMC-Orphan) = 109.1 kpc
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Best-fit model
of the Orphan stream
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Is it a big deal?

Milky Way’s halo “sloshing”
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Sagittarius Stream

if ehe

ROYAL ASTRONOMICAL SOCIETY o
MNRAS 501, 2279-2304 (2021) doi:10.1093/mnras/staa 3673
Advance Access publication 2020 November 25

Tango for three: Sagittarius, LMC, and the Milky Way

Bugene Vasiliev ,"** Vasily Belokurov ' and Denis Erkal **
Unstitute of Astronomy, Madingley road, Cambridge CB3 0HA, UK

2Lebedev Physical Institure, Leninsky prospeka 53, 119991 Moscow, Russia

-‘Deparrmc’m of Physics, University af Surrey, Guildford GU2 7XH, UK
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Sgr stream with Gaia
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Sgr stream with Gaia
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Sgr stream with Gaia

= 200 -

80 - ==

Diyetio

-100

-200 - -

| | l ' 1 [ | 1 I 1 |
50 100 150 =150 —100 —50 0 50 100 150

=150 —100 —50

a0 -

20 -

ntric 2

e/
005/ - G Nem kﬁ [ e ]
0.0 -
o1d L == dBMA  — pip) L
1 1 1 ! L 2 =
—80 ~60 —4D -20 8 20 40

galactocentric X

Pirsa: 21020021 Page 50/59



Stream model in
a static potential
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displacement [kpc]
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MW’s motion
due to the LMC

Our models only work if the
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LMC re-arranges
integrals of motion
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LMC re-arranges

integrals of motion

| ( !
observations ) ] fnodel with LMC | L model without LMC . L no LMC, sphericaly

| [ B

T —

2000

1000

L— J{'Sgr
(=]
A

—1000

2000 A BT C 7 [ leading arm
: L L Iy L s L | 1 . X L 4 1
=10000 L0 ——30000 -10000 0 10000 -10000 0 10000 -=10000 0 10000
= f;‘Sgr E— JL—';Sgr B— ESgr H =< E“Sgr
= 1832 Gy
— ———
20 —
20 R
56
200K
E . ¥
& :
2000
50 "
bl
T

\\ 4K}
K00 0T ] 10000 SO0 50 0 0
s ol 2

g EE AF km? 5% __/ ke
relative energy

Page 54/59

Pirsa: 21020021



Sgr stream in the
presence of the LMC
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Conclusions 1

* The Sgr and Orphan (and likely many/most other streams in the
MW) streams are strongly perturbed by the inflating LMC

* These perturbations can be modelled to constrain the LMC mass
and the DM halo properties of the MW

* LMC’s mass is ~ 1/5 of the MW’s mass within 50 kpc

* MW is pulled into accelerated motion by the massive recent LMC
in-fall

A

* MW’s halo is re-arranged: the inner (<30 kpc) portion moves with
the MW, the outer halo is trailing
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