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• Using modern values for the MW-M31 separation and relative motion 

MM31+MW = 4.27±0.53 x 1012 M⊙         (van der Marel et al 2012)

• …but what is this the mass of?  …and where is the mass? 

The Timing Argument modernised 



• Using modern values for the MW-M31 separation and relative motion 

MM31+MW = 4.27±0.53 x 1012 M⊙         (van der Marel et al 2012)

• …but what is this the mass of?  …and where is the mass? 

• If we assume 𝛬CDM, then we can use simulations to calibrate the Timing 
Argument against, for example, the sum of the two halo virial masses,  


                      0.35 < 𝛴 M200c / MTA < 1.9,    [5%, 95%] range.    (Li+White 2008)  

The Timing Argument modernised 

• Thus 𝛴 M200c < 1.5 or  > 8.2 x 1012 M⊙ is excluded at 95% confidence.



The total mass of the Milky Way 

• Leo I has D = 261 ± 13 kpc,  Vrad = 168 ± 3 km s-1, Vtan = 101 ± 34 km s-1

MMW (260 kpc) > 1.2 x 1012 M⊙  for it to be bound

MMW,TA  = 1.6 x 1012 M⊙  from the Timing Argument
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• Assuming 𝛬CDM,  we can use simulations to calibrate 
the relation between satellite orbits and M200c 

• Post-Gaia, full orbital information is available for all 
ten classical dwarf satellites of the Milky Way

M200c  = 1.2 ± 0.2 x 1012 M⊙  (Callingham et al 2019) 



The total mass of the Milky Way 

• Leo I has D = 261 ± 13 kpc,  Vrad = 168 ± 3 km s-1, Vtan = 101 ± 34 km s-1

MMW (260 kpc) > 1.2 x 1012 M⊙  for it to be bound

MMW,TA  = 1.6 x 1012 M⊙  from the Timing Argument

• Assuming 𝛬CDM,  we can use simulations to calibrate 
the relation between satellite orbits and M200c 

• Post-Gaia, full orbital information is available for all 
ten classical dwarf satellites of the Milky Way

M200c  = 1.2 ± 0.2 x 1012 M⊙  (Callingham et al 2019) 

• For this mass, Leo I is 
unlikely but not impossible



The quiet local Hubble flow

• The relatively quiet Hubble flow around 
the Local Group puts limits on the mass 
in the region


• The magenta curve assumes the only mass 
in this region is that implied by the TA


• Best fit of this model to the solid points 

MW+M31

MMW+M31 = 2.3 ± 0.7 x 1012 M⊙ 
with MMW ~ 0.5 MM31

(Penarrubia et al 2014)
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• This is a factor of two smaller than the TA value of MMW+M31  

• Are all these measurements mutually consistent with 𝛬CDM? 

• There must be mass within 3 Mpc in addition to MMW + MM31



A Bayesian approach to the local mass distribution

Ewoud Wempe, G. Lavaux, J. Jasche, A. Helmi + SW

E. Wempe The Prior:  A Planck 𝛬CDM cosmology  

The Data:  (i)   Tracer kinematics in the MW halo, summarised as a  filtered                                                                              
a                         mass and its uncertainty


                   (ii)  Tracer kinematics in M31’s  halo, again summarised as               
a                         filtered mass and its uncertainty 


                   (iii) Positions and relative velocity of  the MW and M31


                   (iv) Positions and peculiar velocities of dwarfs at 1 < d/Mpc < 4.5 

The Posterior:  A statistically representative sampling of mass distributions 
andd                   and assembly histories for the Local Group and its surroundings 
g                         given the observed dynamical constraints



The required constraints on the two halos

Milky Way M31

• The measurements at larger radii all assume an NFW-like potential

• Different measurements have different systematic uncertainties

• We constrain the mass filtered with a 3D gaussian,   kpc σ = 100

• The (filtered) barycentres must match the observed positions within 30 kpc

• The (filtered) relative velocity must match the observation within its errors



The required constraints on the local Hubble flow

• 31 isolated galaxies with distances              
1        1.0  < rLG /Mpc < 4.5


• Exclude satellite galaxies and M81


• Match smoothed peculiar velocity 
of each to that observed

• Most of these are near the 
Supergalactic Plane



Hamiltonian Monte Carlo Markov Chains

The following results are all preliminary!



Convergence of the chains 

Log Likelihoods                                                                Filtered halo masses

• The scheme is able to match all constraints simultaneously


• The flow tracer velocities currently take longest to “burn in”



Large-scale field 
along a chain



Independent 
converged 
examples
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Posterior distributions of constrained quantities 

• The distributions of all quantities are consistent with the adopted constraints


• Halo masses are biased low:   MMW ~ 0.5 MM31, 𝛴 M200c = 2.83±0.40 x 1012 M⊙ 


• The tangential velocity of M31 is biased low, consistent with zero


• The Hubble flow tracers are always fit acceptably



Posterior distributions of constrained quantities 

• Flow tracer velocities are reproduced without obvious systematics



Enclosed mass as a function of distance 

• The enclosed mass within 1 Mpc  is about twice 𝛴 M200c 


• The enclosed density within 5 Mpc  the cosmic mean


• The scatter around the mean curve is relatively small

≈



                   Conclusions 
• Hamiltonian MCMC can produce a representative sample of 𝛬CDM 

models matching all kinematic constraints in and around the Local Group


• Simultaneously matching internal halo kinematics, the Timing Argument 
data and the quiet nearby Hubble flow gives tighter constraints than 
matching the different types of data independently 


• Consistent models give low masses for the halos of the two main 
galaxies, MMW ~ 0.5 MM31,  and an enclosed mass which increases 
rapidly as distance from the barycentre increases


• Resimulation gives detailed and representative (assuming 𝛬CDM) 
ensembles of  “Local Groups” all satisfying the observed constraints


• These can be used to explore many problems, e.g. 
— The range of possible assembly histories for the MW and M31                                     
— The probability of coherent “planes of satellites”, or of  bright satellites like                          
li   the LMC or M33                                                                                                        
— Predicted gas densities, velocities and shocks in and around the LG 


