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• Right ascension (ra) and Declination (dec) →  position on sky 

• Proper motion (pmra, pmdec) →  motion on sky 

• Parallax [mas] ~ 1/distance[kpc]  (works at small distances, other methods needed at large distances) 

• Radial velocity (rv) = line of sight velocity (need spectra)

Gaia astrometric solution
The goal is to have stars located in 6D: (x,y,z,vx,vy,vz)

(ra,dec,parallax) → (x,y,z) 

(pmra,pmdec,rv) → (vx,vy,vz)
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Stellar+dark halo
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Local DM  
velocity distribution 

Usually assume SHM 
→ Gaussian velocity distribution

Local DM Density 

WIMP expts assume 0.3 GeV/cm3 

Axion expts assume 0.4 GeV/cm3



Local DM  
velocity distribution 

Pre-Gaia, no way to infer this apart from simulations 
A major uncertainty for DM limits

Local DM Density 

Many ways to measure this locally 
Just rescales the rate, so of low priority (prior to some detection)

See  1910.14366 for 
summary of post-Gaia 

progress



Simulate 
MW analogues

Compute DM 
detection 

signals
• Effects of f(v) on particle 

inference/exclusion limits 
• Can DM experiments tell the 

difference between halo 
models?

• Infer range of possible 
DM velocity 
distributions from 
similar halos 

• Impact of baryonic 
physics?



Observe the  
MW halo 
 with Gaia

Simulate 
MW analogues

Compute DM 
detection 

signals

• Structure of the stellar halo in 
space, velocity and chemistry 

• Presence of substructure? 
• Evidence for recent mergers?

• Relationship between 
stars and DM 

• Impact of baryonic 
physics

Gaia and direct detection

• Effects of f(v) on particle 
inference/exclusion limits 

• Can DM experiments tell the 
difference between halo 
models?



Observations of the halo

Simulations 
of MW 

analogues

DM 
detection 

signals

Naidu et al. [2006.08625] 
Helmi [2002.04340] 

Koppelmann et al. [1804.11347] 
Myeong et al. [1904.03185] 
Borsato et al. [1907.02527] 
Aguado et al. [2007.11003] 

+ many, many more…  

Ostdiek et al. [1907.06652] 
Necib et al. [1907.07190] 
Necib et al. [1907.07681]

Bozorgnia et al. [1811.11763] 
Lacroix et al. [2005.03955]

O’Hare et al. [1807.09004] 
O’Hare et al. [1909.04684] 

Evans et al. [1810.11468] 

Knirck et al. [1806.05927] 
Wu et al. [1904.04781] 

Buckley et al. [1905.05189] 
Buch et al. [1910.06356] 
Buch et al. [2007.13750] 

DEAP-3600 [2005.14667]

Bozorgnia et al. [1910.07536] 
 Besla et al. [1909.04140] 

Poole-Mackenzie [2006.15159] 
Hryczuk et al. [2001.09156]



Post-Gaia DM direct detection papers relating to f(v) 

Standard WIMP/Nuclear recoils 
Evans et al. [1810.11468] 

O’Hare et al. [1807.09004] 
Wu et al. [1904.04781] 

Buckley et al. [1905.05189] 
O’Hare et al. [1909.04684] 

Bozorgnia et al. [1910.07536] 

Light DM/Electron recoils 
Hryczuk et al. [2001.09156] 
Buch et al. [2007.13750] 

Axion experiments 
O’Hare et al. [1807.09004] 
Knirck et al. [1806.05927] 

Extended models/EFT 
DEAP-3600 [2005.14667] 
Buch et al. [1910.06356] 



Gaia Enceladus/Sausage



1806.06038

“Gaia Enceladus”



Helmi et al. 1806.06038



Helmi et al. 1806.06038



Gaia Sausage 1802.03414



The Gaia sausage

Koppelman+
(Main sequence)

Lancaster +[1807.04290] 
(Blue horizontal branch)

Iorio & Belokurov 
[1804.11347](RR Lyraes)

Myeong+[1805.00453]
(Globular clusters)



From Amina Helmi’s review of substructure in the MW [2002.04340]





1810.12301

Look at metal poor stars → infer kinematics of accreted DM → apply to Gaia to get local DM f(v)

DM speed dist from GaiaSpeed dist. (r) in FIRE simulation



1807.02519

Radial component much wider → Sausage



1811.11763



1812.04114



Properties of Gaia Sausage/Enceladus we want to know 

1. Anisotropy parameter, β (0 is isotropic, 1 = maximally anisotropic) 
2. Fraction of local DM made up of radially anisotropic feature 

1. β for the Sausage stars/clusters ~ 0.9—0.95 
1805.00453, 1807.04290, 1804.11347…

2. DM fraction harder to estimate…



2006.08625



1910.07536

10 Auriga halos, 4 with a radially anisotropic feature (GRASP)



1910.07536



How much of local DM is in Gaia Enceladus/Sausage

Evans et al. 1810.11468 
Sausage fraction ~ 20% from sphericity of MW potential

Necib et al. 1810.12301 
Sausage fraction ~ 23% inferred from FIRE simulation

Naidu et al. 2006.08625 
 Fraction of stellar halo around 20% locally, inferred from H3 survey

Bozorgnia et al. 1810.11468 
0.4-17% of local DM.  Inferred from four Auriga halos that contain a radially anistropic feature 



1810.11468

Simple model for the DM 
halo velocity distribution 

composed of a round part 
(fR), and the radially 

anisotropic sausage (fS) 

With Sausage fraction ~ 0.2



1810.11468

1810.11468



1910.06356



2005.14667



2005.14667



Streams and substructure



1712.04071



1807.09004



1807.09004

Xenon experiments Axion haloscopes



1905.05189



1909.04684



1812.00846



1909.04684

NaI annual 
 modulation signal



1907.06652



1907.07681

High purity 
Sample

Semi-pure 
 sample



1907.07190



Disk“Hot disk”

Halo

From Amina Helmi’s review of substructure in the MW [2002.04340]



1909.04679

“Splash”

“Sausage”



2005.14667



2007.13750

Rate of electron 
 recoils in 

semiconductor:



2007.13750



For another day… stellar streams encircling the Milky Way 
→  important for indirect/gravitational probes of DM

• Cold/Warm/Fuzzy dark matter 
• Subhalo mass function of MW 
• Shape of gravitational potential 
• Indirect DM signals

GalStreams, Mateu & Balbinot 


