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Milky Way Sulbstructure




| ocal Stellar halo in 7-D
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The S1 and S2 streams

Myeong et al 2018a
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The ST

e \We use the en
smooth backg

and S2 streams

ire halo sample to develop a
round model (Gaussian Mixture

Model) agains

- which substructure i1s identified.

* \We measure the local density of any star by




The S1 and S2 streams
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The S1 and S2 streams
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The S1 and S2 streams

Velocity histograms of the samp

together with su
smooth compone

nstructure identr

e of halo stars,
led against the

nt. Let’'s look at t

ne blue splodge.



The Retrograde S1 stream

O’Hare et al 2018



The Prograde S2 stream

| ocation of stream relative to a schematic Galactic
bulge (sphere of radius 2 kpc) and Galactic disk




The prograde S2 stream
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The Retrograde S2 Stream

o Satellite has a virial mass ratio of 1:100 at infall,
implying a starting mass of 5 x 10° Mo at infall

e ~ 11 Gyr ago, and an initial eccentricity of




The S1 and S2 streams

e The S1 and S2 streams were discovered by
yeong et al. (2018a) by a substructure search
INn velocity space.




Retrograde Substructures

Myeong et al 2018b



Retrograde Substructures
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Retrograde Substructures
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Retrograde Substructures

« Myeong et al. (2018b) recovered the retrograde
S1 stream (as well as the other substructures

found In velocity space).
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Retrograde Substructures




Retrograde Substructures

Retrograde substructures may be related to the globular
cluster w Centauri. This has a present-day mass of 5 x
10° Mo and may be the stripped nucleus of a dwarf

Bekkl & Freeman 2003

e w Centauri has multiple stellar populahons The stars In




Retrograde Substructures
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The Retrograde FSR 1758

 FSR 1758 was found by Barba et al. (2019) using
DECaPS & VVV data, complemented with Gaia DR2.

tIs an extended agglomeration of stars, located at
| = 349° b = 3°) and with a distance of ~10 kpc.

e Barba et al. (2019) equivocated as to whether FSR




FSR 1758

Myeong et al 2019
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The Sequoia Clusters
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This is the same pattern as seen for the
Sagittarius & the Sausage.



The Sequoia Clusters

 [here are 5 globular clusters probably
associated with the Sequoia Event. They are
FSR 1758, NGC 3201, w Centauri, NGC 6101
and NGC 6535. All have e = 0.6, i = 1600°.




The Sequoia Event
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The Sequoia Event

Myeong et al 2019



The Sausage and the Sequoia
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The Sausage and the
Sequoia ...

 The Gala Sausage is the biggest structure in the
stellar halo, with a stellar mass of ~ 5 - 50 x 108

o. This Is the stellar mass of the Small or Large

agellanic Cloud. The DM mass is ~ 1-5 x 101




Retrograde Substructures

Evidence for Two Early Accretion Events That Built the
Milky Way Stellar Halo

. «q e 9 . - -
G. C. Myeong!, E. Vasiliev!?, G. Torio', N. W. Evans', V. Belokurov!

! Institute of Astronomy, University of Cambridge, Madingley Road, Cambridge CB3 0HA, UK
2 Lebedev Physical Institute, Leninsky Prospekt 53, Moscow 119991, Russia

3 April 2019

ABSTRACT

The Gaia Sausage is the major accretion event that built the stellar halo of the Milky
Way galaxy. Here, we provide dynamical and chemical evidence for a second substan-
tial accretion episode, distinct from the Gaia Sausage. The Sequoia Event provided
the bulk of the high energy retrograde stars in the stellar halo, as well as the recently
discovered globular cluster FSR 1758. There are up to 6 further globular clusters, in-
cluding w Centauri, as well as many of the retrograde substructures in Myeong et al.
(2018), associated with the progenitor dwarf galaxy, named the Sequoia. The stellar
mass in the Sequoia galaxy is ~ 5 x 107 M, whilst the total mass is ~ 10! M, as
judged from abundance matching or from the total sum of the globular cluster mass.
Although clearly less massive than the Sausage, the Sequoia has a distinct chemo-
dynamical signature. The strongly retrograde Sequoia stars have a typical eccentricity
of ~ 0.6, whereas the Sausage stars have no clear net rotation and move on predom-
inantly radial orbits. The Sequoia stars have lower metallicity and higher abundance
ratios as compared to the Sausage.

Key words: Galaxy: stellar content — Galaxy: halo — Galaxy: formation — Galaxy:
kinematics and dynamics




.. and Gala-Enceladus

e Helmietal (2019) proposed that a similar
ancient major merger - ‘Gaia-Enceladus’ -

could have given rise to the bulk of the
retrograde stars in the halo as well as the low-
angular momentum debris.
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e or no angular momentum,

ich as the Thick Disk.The

Splash stars may have been born in the Milky
Way's proto-disc prior to the Sausage which
drastically altered their orbits.




The VMP stars

Yuan et al 2019
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Many of the substructures are also seen in an
iIndependent analysis with Self Organising
Maps applied to the LAMOST Very Metal-Poor
Catalogue ([Fe/H] <-2 )




The VMP stars

- a
et
i
': .
b
-
QD
O
O
@

Yuan et al 2019

Notice the eccentric stars are split into two
sequences in the alpha/metallicity plane



The Dark Sausage

We want to replace the standard

halo model or

SHM (truncated Maxwellian) with a new SHM++

Here, n is the fraction of dark ma

(~ 20+10%). Gaia has also

ter in the Sausage
orovided new

measurements of the local circular speed (=233+2
kms-1) and the escape speed (~528+24 kms1).



The Dark Sausage
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THE DARK SAUSAGE
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~The Dark Sausage

-xclusion limits, black lines are old S
lines SHM++

Orange: directional
detection (using He
and SFes gas mixture)

Green: a 200 ton-
year exposure liquid

Xe experiment (like
DARWIN)

M, coloured



The Dark Matter Hurricane




S1: The DM Hurricane
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Distribution of WIMP velocities in laboratory
frame over the course of a year



S1: The DM Hurricane

* |n directional DM detection, the incoming
velocity of the weakly interacting massive
particle (WIMP) in a Stream is at a characteristic

velocity.




S The DM Hurricane
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S The DM Hurricane
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S1: The DM Hurricane

In a strong
magnetic field, the
axion converts its
Kinetic energy to a

ohoton (ADMX).
he axion power
spectrum as a
function of
frequency enables

us to read of the
DM speec
distribution.




S1: The DM Hurricane

» EXxcellent prospects for detecting S1 in
directional detectors (such as the proposed
CYGNUS experiment) and axion haloscopes.




S2: Annual Modulation
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Most of the S2 stream has vz<0, but there
IS a component with vz > 0



S2: Annual Modulation
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Open Questions

e How robust are the substructure searches?
nen et al (2019) found some, but not all, of

the substructures identified in Myeong et al
2018a,b




Open questions
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The Dark Sausage

Round halo Sausage
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.. and the Splash

Median a/Fe Median age
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They are old, but not as old as stars deposited
in the Sausage merger.



The Sequoia Event

Mackereth et al (2019) showed that halo stars with
high eccentricity orbits tend to have lower [Mg/Fe]
on average compared to the rest of the halo stars.

Matsuno et al. (2019) claim
the knee in the abundance
and metallicity plane

differs by about 0.5 dex for
the retrograde component
and the Sausage (SAGA x
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