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• Gaia has detected stars over a 
large fraction of the Galaxy 

• Gaia’s horizon for accurate 
parallaxes lies close to the sun 

• But we still have very accurate 
proper motions — good to ~20kpc 
for horizontal branch stars.  

• Can make exquisite dynamical 
models if we have accurate 
distances

Galactic Archeology is about using 
the Milky Way as a prototype to 
understand how galaxies formed 
and evolved 

This session — the distribution of 
DM in our halo

The Gaia Era



Halo RR Lyrae in Gaia DR2

• We use 16,000 RR Lyrae between 
1.5kpc and 20kpc, avoiding the 
Galactic plane. From catalog by 
Sesar et al. (2017) using Pan-
Starrs 3π survey 

• Each has a accurate distance, and 
therefore transverse velocity from 
Gaia DR2 

• But we have no radial velocities 

• By assuming that are constant in 
rings around the galactic center 
we measure 3D kinematics �20 �10 0 10 20
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Kinematics of Halo RR Lyrae in Gaia DR2

• The halo is strongly radially 
anisotropic   

• The velocity ellipsoid is nearly 
a l i g n e d i n t o s p h e r i c a l 
coordinates everywhere 
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The  Gravitational Force Field of The Milky Way
• We have kinematics in 3D across a large fraction of the inner Galaxy. 

We can put these into the Jeans Equations to learn about the forces! 
• If everything was isotropic things would be easy 

• But galaxies aren’t isotropic, and so there’s extra terms that we can’t 
usually measure 

• But the Milky Way is different 
• Equations are long, but straightforward… and we have all the 

kinematic measurements we need from Gaia 



The  Gravitational Force Field of The Milky Way

• Each arrow is a force 
measurement 

• The pink ellipses have 
show the 1 sigma errors ie 
each arrow head can lie 
anywhere within the ellipse 

• We can already see that the 
forces in the Milky Way are 
mostly radial 

To get the dark matter contribution we need to 
subtract baryonic models
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Constraints on Baryonic Models
Radial Velocities from spectroscopic 

surveys: BRAVA & ARGOS
Density maps & star counts in 

the Bulge and Bar 

l
Stellar kinematics: 

BRAVA: Kunder et al (2012) 
ARGOS: Ness et al (2013)  

  
Models fit to the central 5kpc. Outside use exponential disk surface 

density of stars and gas



The  Gravitational Force Field of The Milky Way

• Subtract the baryonic part to see the contribution from the dark matter
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The  Shape of the Milky Way’s Dark Matter Halo

• We can use the forces to measure the 
DM flattening       and circular velocity 

• We can infer the profile of the flattening 
of the dark matter in the Milky Way 

• Consistent with spherical: 0
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The  Shape of the Milky Way’s Dark Matter Halo

• We have also fit parametric dark matter 
models to the force field 

• A range of dark matter profiles fit the 
data, but all agree on the flattening

•                     is ruled out at 99% significance
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The  Shape of the Milky Way’s Dark Matter Halo

• Our flattening value of                                 agrees with several 
other recent measurements of a near spherical halo 

• Most common method for measuring halo shape are halo 
streams. Bovy (2016) finds                                 . Similar to Koposov 
et al (2010), Bowden et al (2015), Kupper et al (2015) 

• Such a spherical halo appears in tension with current LCDM 
simulations: 

- Dark Matter only simulations predict  
- Baryons increase this, but in most simulations only by 0.1-0.3 

e.g. Kazantzidis+04/10

What does it mean?



Summary
• Inner halo strongly radially anisotropic everywhere over the volume 

4-20kpc 

• Using Jeans equations we can measure the gravitational forces. 
Subtracting baryonic models we find the DM contribution. 

• Our DM flattening value of                                    is similar and 
complementary to recent measurements of a near spherical halo 
using streams. MWs DM halo appears more spherical than expected 
from simulations. 
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• WEAVE & 4MOST will 
measure millions of stars in 
halo can use method to 
measure the halo 3D
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Non-axisymmetries and Non-Equilibria
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•Generate toy halo by disrupting a satellite in fixed galpy potential. 
Looks similar to real halo in non-axisymmetries, profile, anisotropy 

•Errors in acceleration are small, generally within errors 
•Recover DM:                                          True was 



Milky Way Force Field and Dark Matter Shape 13

Table 1. Parameters of the fitted ellipsoidal dark matter profiles. The fitted parameters can be highly correlated and we therefore give the fitted total circular
velocity at the Sun which is better constrained and more physically relevant. We also give for each model the maximum likelihood, this maximum likelihood
converted to χ2 per degree of freedom, and the Akaike information criterion.

Profile qρ Vc (R0) ρdm(R0) Best Fitting Parameters Max log L χ2/DOF AIC
[ km s−1] [M⊙/pc3]

NFW 1.00 ± 0.08 215.5 ± 3.5 0.0092 ± 0.0009 rs = 27 kpc −782.7 0.90 1571.4
Einasto 1.00 ± 0.09 217 ± 6 0.0093 ± 0.0022 r−2 = 8.4 kpc α = 1.4 −781.5 0.87 1571.0
gNFW 1.00 ± 0.09 217 ± 4 0.0088 ± 0.0012 rs = 1.6 kpc γ = −3.9 −781.8 0.87 1571.6
PseudoIsothermal 1.00 ± 0.08 217 ± 4 0.0093 ± 0.0012 rc = 2.7 kpc −782.4 0.89 1570.9

Table 2. Systematic variations of the fiducial baryonic model and their affect
on the fitted parameters. We show only the results of fits to an Einasto profile.

Variation Vc (R0) ρdm(R0) qρ
[ km s−1] [M⊙/kpc3]

Fiduciala 217 0.0092 1.00
hR,! = 2.15 kpcb 217 0.0096 0.98
hR,! = 2.68 kpcc 218 0.0091 1.03
hR, ism = 3 × 2.4 kpcd 216 0.0090 1.04
hR, ism = 1.5 × 2.4 kpce 218 0.0094 0.98
P17 Boundary Model 1 f 217 0.0094 0.99
P17 Boundary Model 2g 218 0.0093 1.01
RR Lyrae 0.03 mag brighterh 216 0.0095 0.99
RR Lyrae 0.03 mag fainter 219 0.0118 0.99
R0 = 8.0 kpc 217 0.0090 1.04
R0 = 8.4 kpc 216 0.0090 1.00
v⊙ = (11.1, 255, 7.25) km/s 217 0.0089 1.02
v⊙ = (11.1, 245, 7.25) km/s 218 0.0094 1.01
Fitting including Sgr Streami 222 0.0083 1.06

a Uses stellar disk with scale length hR,! = 2.4 kpc, gas disk with scale
length hR, ism = 2 × 2.4 kpc, and best fitting model of P17. This model has
bar pattern speed Ω = 40 km s−1 kpc−1, mass-to-clump ratio 1000/M⊙ and
nuclear stellar mass 2 × 109M⊙ .
b Dynamical disk scale length measured by Bovy & Rix (2013). Has
Σ!(R0) = 32M⊙/pc2 to keep disk continuity at 5 kpc.
c Dynamical disk scale length measured by Piffl et al. (2014). Has Σ!(R0) =
44M⊙/pc2 to keep disk continuity at 5 kpc.
d Has Σism(R0) = 16M⊙/pc2 to keep disk continuity at 5 kpc.
e Has Σism(R0) = 10M⊙/pc2 to keep disk continuity at 5 kpc.
f Uses bar pattern speed Ω = 37.5 km s−1 kpc−1, mass-to-clump ratio
900/M⊙ and nuclear stellar mass 2.5 × 109M⊙ .
g Uses bar pattern speed Ω = 42.5 km s−1 kpc−1, mass-to-clump ratio
1100/M⊙ and nuclear stellar mass 1.5 × 109M⊙ .
h Estimated systematic uncertainty by S17
i We remove the Sagittarius Dwarf, but leave the tail of the stream in the
sample.

find that our fitted parameters are relatively insensitive to any of the

tested variations, changing within the formal statistical errors.

5.4 The Effects of Non-Axisymmetries

We have reconstructed the azimuthally averaged acceleration field

in the Galactic halo using Jeans equations that do not assume

that the forces or the halo tracer population are axisymmetric

(subsection 4.1). In these equations the second velocity moment

terms that enter should be the tracer density weighted azimuthal

average. However, the absence of radial velocities for our tracer
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Figure 13. The density structure of our toy non-axisymmteric halo observed
through the selection function and plotted similarly to Figure 6. By com-
parison to Figure 6 we see that the toy halo has a similar density gradient
gradient and a similar flattening. The variation with azimuth shown in the
lower right plot is at a similar level, and oriented similarly.

population of RR Lyrae forced us to assume that the kinematics

were independent of azimuth in order to evaluate these second ve-

locity moments (section 3).

In the time since Gaia DR2 has been released it has become in-

creasingly clear that a large fraction of the inner Halo was deposited

in one accretion event, named Gaia-Enceladus or the Gaia Sausage

(Belokurov et al. 2018; Helmi et al. 2018). It also appears that the

merger debris as traced by RR Lyrae is not axisymmetric (Iorio &

Belokurov 2018). This is also visible in the density variation with

azimuth present at large radii in the lower right panel of Figure 6.

To investigate the possible effects of these non-axisymmetries on

our results we have constructed a toy non-axisymmetric mock halo.

This halo was constructed by placing a Hernquist sphere of

stars of mass 2× 10
9M⊙ and scale radius 0.5 kpc on a nearly radial

orbit with apocenter ∼ 20 kpc in the fixed background potential

of MWPotential2014 taken from GalPy (Bovy 2015). This setup

was integrated forwards for 6Gyr using the GyrFalcon integrator

(Dehnen 2000). This integration time was chosen so that our toy halo

is likely to have a similar level of phase-mixing as the Milky Way’s

halo. The resulting distribution of particles is non-axisymmetric and

MNRAS 000, 1–21 (2018)

Milky Way Force Field and Dark Matter Shape 13

Table 1. Parameters of the fitted ellipsoidal dark matter profiles. The fitted parameters can be highly correlated and we therefore give the fitted total circular
velocity at the Sun which is better constrained and more physically relevant. We also give for each model the maximum likelihood, this maximum likelihood
converted to χ2 per degree of freedom, and the Akaike information criterion.

Profile qρ Vc (R0) ρdm(R0) Best Fitting Parameters Max log L χ2/DOF AIC
[ km s−1] [M⊙/pc3]

NFW 1.00 ± 0.08 215.5 ± 3.5 0.0092 ± 0.0009 rs = 27 kpc −782.7 0.90 1571.4
Einasto 1.00 ± 0.09 217 ± 6 0.0093 ± 0.0022 r−2 = 8.4 kpc α = 1.4 −781.5 0.87 1571.0
gNFW 1.00 ± 0.09 217 ± 4 0.0088 ± 0.0012 rs = 1.6 kpc γ = −3.9 −781.8 0.87 1571.6
PseudoIsothermal 1.00 ± 0.08 217 ± 4 0.0093 ± 0.0012 rc = 2.7 kpc −782.4 0.89 1570.9

Table 2. Systematic variations of the fiducial baryonic model and their affect
on the fitted parameters. We show only the results of fits to an Einasto profile.

Variation Vc (R0) ρdm(R0) qρ
[ km s−1] [M⊙/kpc3]

Fiduciala 217 0.0092 1.00
hR,! = 2.15 kpcb 217 0.0096 0.98
hR,! = 2.68 kpcc 218 0.0091 1.03
hR, ism = 3 × 2.4 kpcd 216 0.0090 1.04
hR, ism = 1.5 × 2.4 kpce 218 0.0094 0.98
P17 Boundary Model 1 f 217 0.0094 0.99
P17 Boundary Model 2g 218 0.0093 1.01
RR Lyrae 0.03 mag brighterh 216 0.0095 0.99
RR Lyrae 0.03 mag fainter 219 0.0118 0.99
R0 = 8.0 kpc 217 0.0090 1.04
R0 = 8.4 kpc 216 0.0090 1.00
v⊙ = (11.1, 255, 7.25) km/s 217 0.0089 1.02
v⊙ = (11.1, 245, 7.25) km/s 218 0.0094 1.01
Fitting including Sgr Streami 222 0.0083 1.06

a Uses stellar disk with scale length hR,! = 2.4 kpc, gas disk with scale
length hR, ism = 2 × 2.4 kpc, and best fitting model of P17. This model has
bar pattern speed Ω = 40 km s−1 kpc−1, mass-to-clump ratio 1000/M⊙ and
nuclear stellar mass 2 × 109M⊙ .
b Dynamical disk scale length measured by Bovy & Rix (2013). Has
Σ!(R0) = 32M⊙/pc2 to keep disk continuity at 5 kpc.
c Dynamical disk scale length measured by Piffl et al. (2014). Has Σ!(R0) =
44M⊙/pc2 to keep disk continuity at 5 kpc.
d Has Σism(R0) = 16M⊙/pc2 to keep disk continuity at 5 kpc.
e Has Σism(R0) = 10M⊙/pc2 to keep disk continuity at 5 kpc.
f Uses bar pattern speed Ω = 37.5 km s−1 kpc−1, mass-to-clump ratio
900/M⊙ and nuclear stellar mass 2.5 × 109M⊙ .
g Uses bar pattern speed Ω = 42.5 km s−1 kpc−1, mass-to-clump ratio
1100/M⊙ and nuclear stellar mass 1.5 × 109M⊙ .
h Estimated systematic uncertainty by S17
i We remove the Sagittarius Dwarf, but leave the tail of the stream in the
sample.

find that our fitted parameters are relatively insensitive to any of the

tested variations, changing within the formal statistical errors.

5.4 The Effects of Non-Axisymmetries

We have reconstructed the azimuthally averaged acceleration field

in the Galactic halo using Jeans equations that do not assume

that the forces or the halo tracer population are axisymmetric

(subsection 4.1). In these equations the second velocity moment

terms that enter should be the tracer density weighted azimuthal

average. However, the absence of radial velocities for our tracer

2 4 6 8 10 20
r [kpc]

101

102

103

⇢
[k

p
c�

3
]

2 4 6 8 10 20
r [kpc]

-4

-3

-2

-1

@
lo

g
⇢/

@
lo

g
r

20 40 60
✓ [deg]

101

102

103

⇢
[k

p
c�

3
]

50 100 150 200
� [deg]

101

102

103

⇢
[k

p
c�

3
]

Figure 13. The density structure of our toy non-axisymmteric halo observed
through the selection function and plotted similarly to Figure 6. By com-
parison to Figure 6 we see that the toy halo has a similar density gradient
gradient and a similar flattening. The variation with azimuth shown in the
lower right plot is at a similar level, and oriented similarly.

population of RR Lyrae forced us to assume that the kinematics

were independent of azimuth in order to evaluate these second ve-

locity moments (section 3).

In the time since Gaia DR2 has been released it has become in-

creasingly clear that a large fraction of the inner Halo was deposited

in one accretion event, named Gaia-Enceladus or the Gaia Sausage

(Belokurov et al. 2018; Helmi et al. 2018). It also appears that the

merger debris as traced by RR Lyrae is not axisymmetric (Iorio &
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azimuth present at large radii in the lower right panel of Figure 6.

To investigate the possible effects of these non-axisymmetries on

our results we have constructed a toy non-axisymmetric mock halo.

This halo was constructed by placing a Hernquist sphere of

stars of mass 2× 10
9M⊙ and scale radius 0.5 kpc on a nearly radial

orbit with apocenter ∼ 20 kpc in the fixed background potential

of MWPotential2014 taken from GalPy (Bovy 2015). This setup

was integrated forwards for 6Gyr using the GyrFalcon integrator

(Dehnen 2000). This integration time was chosen so that our toy halo

is likely to have a similar level of phase-mixing as the Milky Way’s

halo. The resulting distribution of particles is non-axisymmetric and
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Systematics

• Systematics in flattening,      are 
at the level 

• Smaller than the formal error of


