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Questions
• How many dwarfs are there in the LG now? 

• How many dwarfs were accreted and when? 

• What are their masses? What were their masses? 

• What are their mass profiles? Did they evolve? 

• What are their star-formation histories? 

• Spatial anisotropy? Group infall? 

• What are/were their orbits? 

• MW vs M31 

• Your urgent question here



Contents of a dwarf

• Dark Matter 

• Stars 

• Gas 

• Dust



3 dwarf types
dSph dIrr TDG

dark matter up to 99% up to 99% 0%

stars ~1% ~1% up to 50%

gas/stars ~1/100 up to 10/1 up to to 20/1

rotation No Yes Yes

tidal stirring 
(see e.g. Mayer et al 2001)
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Classical dwarf galaxies
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1/8000 LMW
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Ultra-faints. Sizes

Bootes I



How many dwarfs are there?



Theoretical predictions

• Current theory has a strong prediction as to the 
total number and the Mass Function of DM Sub-
halos 

• Current theory has no strong prediction as to the 
total number and the Mass Function of Dwarf 
Galaxies



Detection Methods



Dwarf Detection Techniques

• As resolved stellar populations 

• As smudges on the images 

• As smudges at the locations of HVCs*

*HVC=High Velocity Cloud, a compact HI gas overdensity moving differently to the Galactic foreground



Stellar over-density search
Stellar map

Local density map

Global density map

Difference

Signal/Noise

pioneered by Mike Irwin in 1994



Decision Making

• Noise: smoothly varying 
background and Poisson 
statistics 

• Signal: dwarf luminosity and 
distance + survey limiting 
magnitude

Stellar Luminosity Function

Bright Faint



False Positives
Background is not actually smooth!

Belokurov et al 2006



False Positives
Stars Galaxies

Large Scale StructureKoposov et al 2008



Star/galaxy separation
comparison with CFHTLS Wide

Koposov et al 2015



Detection. Major Players  
All-sky imaging surveys



SDSS DR7 11,663 sq deg ~20 satellites discovered



après Sloan
PanSTARRS 30,000 sq deg

VST 2,700 sq deg

2,100 sq deg DES



Size vs Luminosity



Size vs Luminosity

Low luminosities, Low Metallicities 
High [Fe/H] spreads, High M/LSDSS: Ultra-Faint Dwarfs



Size vs Luminosity

DES Year 1 satellites



What is a galaxy?





high M/L + metallicity spread



What is a galaxy?

Koposov et al 2015



Dwarf Characterisation



Dwarf Follow-up
structural M/L SFH [Fe/H] σ[Fe/H]

wide 
imaging required beneficial required - -

deep hi-
res 

imaging
beneficial - required - -

low-res 
spectra - required beneficial required beneficial

hi-res 
spectra - - beneficial beneficial required



Mass determination
Walker et al 2009

Spherical Jeans Equation

solution:

projected along the los:



Mass modelling problems
• Low number of stars with velocities measured 

• Not enough stars in the centre and on the periphery 

• Large and poorly determined velocity errors 

• Contamination 

• Velocity anisotropy is not known 

• DM halos are probably not spherical



Number of stars available
Stellar Luminosity Function

Bright Faint

M92 globular cluster

104 stars typically available for  
the spectroscopic follow-up in 
a “Classical” dwarf galaxy  

<102 stars typically available for  
the spectroscopic follow-up in a 
“Ultra-Faint” dwarf galaxy  



Contamination

Probability of membership can be 
estimated by modelling the distribution 
of the background and the members in 

the space of observables



Impact of interlopers
Segue 1: Bonnivard et al 2015



Accurate kinematics  
at faint magnitudes



Accurate kinematics  
at faint magnitudes

Koposov et al 2011



Ultra-Faint: Difficult

2006 2011

Size

Velocity  
dispersion
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Dispersion

Munoz et al, 2006

Koposov et al, 2011
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Stellar  
Metallicity

Martin et al, 2007

Norris et al, 2010

Norris et al, 2010

Bootes 1
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Dwarf counts.  
Theory vs Observations





The dwarf census
Cumulative luminosity function



The dwarf census
Cumulative luminosity function

Detection efficiency

100 kpc

100%

bright satfaint sat

Radial distribution  
of sub-haloes

100 kpc



Spatial anisotropy? 
Planes of satellites



Observational Evidence
M31, Ibata et al 2013





7 known dwarf galaxy stellar streams:  
Sagittarius, Tri-And, Monoceros, Her-Aquila, Cetus, Virgo, Orphan

none aligned with the so-called VPOS!



Future Prospects



The not so distant future
• Proper motions of individual stars in some of the dwarfs with 

Gaia and HST 

• New closer and fainter dwarfs with Gaia (new detection window) 

• The complete Galactic dwarf census with LSST 

• The 100 Mpc census with LSST and Euclid 

• Proper motions of dwarfs with Gaia+LSST 

• En-masse spectroscopy with new multi-fiber instruments: 
WEAVE, 4MOST, DESI, SuMIRe



Why not look instead  
directly at the DM halos?

• Forensics of stellar stream perturbations allows to 
recover the complete set of properties for a DM 
sub-halo, including its mass, size and orbit! See 
Erkal & Belokurov 2015a,b
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The End



Extra slides



Accretion of dwarfs  
onto dwarfs

Local Volume examples of SMC-like dwarf accreting a dwarf 
satellite with mass ratio in the range 10:1 - 100:1

Belokurov 2013



Tidal dwarfs


