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DM density = ?

The local dark matter density

• What is the local dark matter density in our 
region of the Milky Way?

• Depends on the history of the Milky Way.

• Direct detection limits typically proportional 
to the local dark matter density. 
(Usually assume 0.3 GeV/cm3)

Liu, Chen & Ji. 2017



Figure 1: A schematic representation of local versus global measures of the dark matter
density. The Milky Way disc is marked in grey; the dark matter halo in blue. Local measures
– ⇢dm – are an average over a small volume, typically a few hundred parsecs around the Sun.
Global measures – ⇢dm,ext – are extrapolated from larger scales and rely on assumptions about
the shape of the Milky Way dark matter halo. (Here I define ⇢dm,ext such that the halo is assumed
to be spherical.) Such probes are complementary. If ⇢dm < ⇢dm,ext, this implies a stretched or
prolate dark matter halo (situation a, left). Conversely, if ⇢dm > ⇢dm,ext, this implies a squashed
halo, or the presence of additional dark matter near the Milky Way disc (situation b, right).
This latter is expected if our Galaxy has a ‘dark disc’ (see §2).

particularly near the disc plane (Weber & de Boer, 2010). By contrast, local measures rely
on fewer assumptions, but have correspondingly larger errors (e.g. Garbari et al., 2012;
Smith et al., 2012; Zhang et al., 2013). To avoid confusion, I will refer to results from global
estimates that assume a spherically symmetric dark matter halo as an ‘extrapolated’ dark
matter density, denoted ⇢dm,ext, while I will refer to local measures as ⇢dm. Combining
measures of ⇢dm and ⇢dm,ext, we can probe the local shape of the Milky Way halo. If
⇢dm < ⇢dm,ext, then the dark matter halo at the Solar position R0 ⇠ 8 kpc is likely prolate
(stretched) along a direction perpendicular to the disc plane. If ⇢dm > ⇢dm,ext, this could
imply an oblate (squashed) halo, or a local dark matter disc (see Figure 1). I discuss the
theoretical implications of these di↵erent scenarios in §2.

Measurements of ⇢dm have a long history dating back to Kapteyn (1922) who was one
of the first to coin the term “dark matter”. Using the measured vertical velocity of stars
near the Sun, he compared the sum of their masses to the vertical gravitational force
required to keep them in equilibrium, finding that:

“As matters stand it appears at once that this [dark matter ] mass cannot be
excessive.”

However, this early pioneering work treated the stars as a collisional gas, whereas stars
are really a collisionless fluid that obeys similar but di↵erent equations of motion. This
was corrected the same year by Jeans (1922), who laid down the basic theory for mass
modelling of stellar systems that I outline in §3. The technique was later refined and
applied to improved data by Oort (1932), Hill (1960), Oort (1960), and Bahcall (1984a,b).
However, there were several problems with these early works: i) their measurements relied
on poorly calibrated ‘photometric’ estimates of the distances (§3.6); (ii) stars were chosen
that were sometimes too young to be dynamically well mixed in the disc (see §3); (iii)
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• Local dark matter density from the vertical motion 
of stars. This work.

• Global density profile by rotational velocities of 
stars. 

• Comparing the results of the two measurements 
gives some information about the shape of the dark 
matter halo.

Local and global density measurements



Figure 2: A century of measurements of ⇢dm. In all cases, I assume the same matter density
and surface density of ⇢b = 0.0914M� pc�3 and ⌃b = 55M� pc�2 (Flynn et al., 2006). Values
derived from a surface density rather than a volume density have a blue filled circle; red data
points indicate the use of a ‘rotation curve’ prior (see §3.5.1). The green data point is derived
from Garbari et al. (2012) assuming a stronger prior on ⌃b = 55 ± 1M� pc�2 (see §5). All
error bars represent either 1� uncertainties or 68% confidence intervals. Overlaid are: ⇢dm,ext

extrapolated from the rotation curve assuming spherical symmetry (grey band); the launch
dates plus 5 years for the Hipparcos and Gaia astrometric satellite missions; and the start date
plus 5 years of the SDSS and RAVE surveys. Where no error bar was calculated for a given
measurement, there is simply a horizontal line through that data point. All data and references
(including definitions of abbreviations) are given in Table 4.
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• Evolution of the dark matter density 
over the past century. 
(All assume the same baryonic density.)

• Smaller error bars usually goes hand in 
hand with more assumptions.

• MB12 (Bidin et.al.) ~500 stars at high 
latitude (2-4 kpc).

Read 2014

Dark matter density evolution



Tracer 
number 
density

Velocity dispersion

Using Jean’s equations, assuming steady state.

⇢

Surface
density 

Poisson Equation:

Integrate

Absorbed in

Tilt term
coupling between 
radial and vertical 
stellar motion

Gravitational force

�2
z(z) =

1

⌫(z)

Z 1

z
⌫(z0) [2⇡G⌃z(z

0) + T (z0)] dz

Terms usually neglected, i.e. assumed to be zero.

Subdominant and difficult to measure. Gaia!

Fit to data using Multinest. Less assumptions 
required.



Gaia satellite mission
• Launched 19 December 2013.

• First data release 14 September 2016: 
Position of 1.1 billion single stars with acceptable error. 
Proper motion for stars in common with Tycho-2 catalogue.
Systematic errors.

• Second release:  April 2018.
Radial and proper motion for 
bright stars.

• Final release: 2022 (including
ground based observations).





Method applied on SDSS data, with tilt
• Applied our method to SDSS data, 

analyzed by Büdenbender et.al. 
Awaiting Gaia’s second data release.

• Measurement of tilt 
(although not well constrained).

• Split tracer stars in old and young 
populations (by metallicity).
Young stars more confined to the 
disk plane.

• Old stars further away, more difficult to measure. We do not manage 
to find a decent fit to the old tracer stars. 
(Requires too high baryonic surface density.)

• Present analysis of young tracer population only.



Baryon density profile

• Baryons dominate close to 
the disk,
DM dominate further out.

• Far out more complicated:
fewer tracer stars,
tilt term more important.

NGC 891 - Milky Way analog

0.4 GeV/cm3 ' 10�2M�/pc
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Fitting to the young population

Fit not including the tilt term.

Fits the data well.

Fit including the tilt term.

Fits the data well, gives a wider range for 
the dark matter density.

As expected, tilt term not very important 
for the young stellar population.

201606262336

201610201137
0.5<n<1.5
-1.3 < k_young < 1
(-0.5 <  k_old    < 1.5)
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• Young pop (with tilt): 

• We have so far not discussed the rotation curve term. Literature 
compatible with zero rotation curve term, adds an error of ~0.1 
Gev/cm^3 (Bovy et.al. 2012).
Better measurement to come, also dependence on height above 
disk plane.

• Disequilibrium? No sign of a breathing mode in the data, but 
there is a small net velocity.

• Gaia data.

Results & outlook

⇢dm = 0.46+0.13
�0.16 GeV/cm3



DM baryon degeneracy

• Red ellipses: Our result 
(without baryonic prior).

• Degeneracy between DM 
density & baryonic surface 
density.

• Important when 
comparing results.
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Backup slides
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Fitting to the old population

Fit not including the tilt term.

Does not fit the velocity data well. 

Overly constraining the dark matter 
density.

Fit including the tilt term.

To fit the old data would require extra 
mass at the disk plane, which the tilt 
term cannot mimic. 
(Not seen in young data)

Preliminary

201606270022
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(-1.3 < k_young < 1)
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0.5<n<1.5 ; 
-1.3 < k_young < 1
-0.5 <  k_old    < 1.5

0.00.5 1.0 1.5 2.0 2.5

z [kpc]

0.0

0.5

1.0

1.5

2.0

2.5

3.0

⇢ D
M

[M
�

/k
p
c3

]

⇥107

0.0

0.2

0.4

0.6

0.8

1.0

⇢ D
M

[G
eV

/c
m

3
]

Fitting both populations, including the tilt term.
Young population: Old population:

Fits the young data well, but not the vertical velocities for the old data.

Resulting dark matter density similar to that from the young population alone but 
seemingly overly constrained.

Preliminary
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