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Galactic halo formation in 
Cold Dark Matter Cosmology

Helmi & de Zeeuw et al 2000
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Stellar and Dark Halos are alike

Dark Matter halo



Stellar and Dark Halos are alike

Dark Matter halo Stellar halo

Andrew	
  Cooper



shells/clouds
massive satellites 
radial orbits

streams
lower-mass satellites 
tangential orbits

satellites



Note: Information content
• Satellites: constraints on the low(ish) end of the DM 

mass function, targets for indirect DM searches 

• Streams: shape of the DM distribution, granularity 
of the DM distribution - unique probes of DM 

• Shells/clouds: accretion history, major merger 
events in the life of the Milky Way - likely to 
dominate local density, important for direct 
detection



Note:Very local stellar halo

• Locally, (most of the above) stelar halo sub-
structures do not exhibit strong density gradients 

• They are instead only detectable in the velocity 
space (or integrals-of-motion space)



Note: linking stellar and DM 
sub-structures

• Such link requires detailed knowledge of the 
accretion event - most importantly of the time and 
the mass of the progenitor 

• Not all DM comes from luminous progenitors, 
hence the link is always approximate 

• Dynamical modelling of the stellar halo allows to 
close the loop, i.e. infer the DM density distribution



Gaia, the halo explorer
• relatively bright magnitude limit, but 

• no weather 

• perfect star/galaxy separation 

• artifact rejection 

• whole sky  

• uniform(ish) quality 

• astrometry 

• time domain



Local Stellar halo in 7-D

stellar metallicitylow higher

he
ig

ht
 a

bo
ve

 th
e 

di
sc

lo
w

hi
gh

er



Stellar velocity ellipsoid
✓

r

v✓

vr

position space velocity space
or

requires	
  larger	
  volume	
  to	
  be	
  sampled can	
  be	
  measured	
  locally



Isotropy
v✓

vr

� = 0



Radial anisotropy
v✓

vr

� > 0



Tangential anisotropy
v✓

vr

� < 0



Metallicity
• Abundance of elements heavier than H and He

[Fe/H]=0 i.e. Solar metallicity 

[Fe/H]=-3  i.e.1000 less metal  
rich than the Sun

Kirby	
  et	
  al	
  2013



Meatball-Sausage dichotomy

metal-poorer halo metal-richer halo
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Orbital Anisotropy
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Galactic stellar halo in 7-D
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Galactic stellar halo in 7-D

consistent with continuous accretion of small dwarfs
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Galactic stellar halo in 7-D

consistent with continuous accretion of small dwarfs

extreme radial anisotropy - preferred direction
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“Gaia Sausage”  
Summary of the discovery

• 2/3 of the (local) stellar halo in a single component 

• Stars as metal-rich as 1/10 Solar 

• Extreme radial anisotropy
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When and What  
smashed into us?

Fattahi et al 2018



Numerical simulations
The	
  Auriga	
  suite	
  (Grand	
  et	
  al	
  2017)	
  -­‐	
  30	
  Milky	
  Ways



Observing the simulations



Variety of accretion histories
Mass	
  assembly

Fattahi	
  et	
  al	
  2018
1/3	
  simulated	
  Milky	
  Ways	
  with	
  a	
  Sausage-­‐like	
  halo
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When and What smashed into us?
7-­‐11	
  Gyr	
  ago	
  
as	
  big	
  as	
  the	
  LMC	
  

Fattahi	
  et	
  al	
  2018 progenitor’s stellar mass





Implications for the local 
speed distribution

Galacto-centric velocity





Estimates of the DM speed 
distribution 



DM fraction deposited by a Gaia 
Sausage event in simulations

Fattahi	
  et	
  al	
  2018



DM substructure in the Solar 
neighbourhood
Data Model Data-Model

Myeong	
  et	
  al	
  2018



Stream 1

Stream 3

Stream 4

Many new streams

Myeong	
  et	
  al	
  2018





S1 - the DM hurricane

O’Hare	
  et	
  al	
  2018
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Comprehensive view of the 
local sub-structures

O’Hare	
  et	
  al	
  2019



Comprehensive view of the 
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Excess of high speed local DM 
without a stellar counterpart



Orphan Stream in the North

Density of SDSS Main Sequence Turn-off stars. Color ~ distance



Orphan Stream in the North

Density of SDSS Main Sequence Turn-off stars. Color ~ distance



Orphan Stream motion 
misalignment in Gaia DR2 

Erkal	
  et	
  al	
  2019
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Orphan-LMC interaction

Erkal	
  et	
  al	
  2019

MLMC=1.5x1011 M⦿



Orphan-LMC interaction

Erkal	
  et	
  al	
  2019

MLMC=1.5x1011 M⦿





Garavito-­‐Camargo	
  et	
  al	
  2019



DM particles from the LMC 
and accelerated by the LMC

Besla	
  et	
  al	
  2019



Conclusions. Accretion history
• Thanks to Gaia, we now have strong constraints on 

the mass accretion history of the Galaxy. 

• It is punctuated by two major events with similar 
mass: the Gaia Sausage event (10 Gyr ago) and 
the LMC (today). 

• Both have strong implications for the properties of 
the Galactic DM density, both globally (DM density 
profile, number of dwarfs etc) and locally (dis-
equilibrium, shape of the velocity distribution)



Conclusions. Local sub-structure

• Most of the local sub-structure is phase-mixed, but can 
be discovered with Gaia by searches through phase-
space. 

• Gaia has allowed to carry out a census of local DM 
over-densities deposited by disrupted dwarf galaxies 

• Enhanced, modified signal to inform direct searches 

• The exact DM content corresponding to the stellar halo 
sub-structures needs to be established via modelling



Thanks!


