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Determination of the Dark Matter density at the solar position is critical to direct and indirect dark
matter searches. Additionally, it is important to make this determination with as few assumptions
as possible, as results from direct detection searches are used to explore a wide variety of the-
oretical models, and hidden astrophysical assumptions could bias theoretical searches. Here we
present a Jeans analysis based method for the determination of the local dark matter density which
allows us to limit the number of assumptions we need to make. We fit baryon and Dark Matter
density models to tracer density and velocity dispersion data via integrated Jeans equations, and
from these derive the local dark matter density. In this work we present the method and show tests

on mock data.
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1. Introduction

The density of Dark Matter (DM) at the solar position is of great importance to a wide range
of experiments. The local DM density, ppm, is an input to the calculation of event rates in direct
DM detection experiments, and is degenerate with the DM-nucleon cross section [1]. Additionally
the rate of neutrinos expected from DM annihilations in the Sun is also dependent on the local DM
density [?, 2, 3, 4, 5]. As these and other experiments are used to draw limits on DM phenomenol-
ogy, the impact of incorrect or inaccurate local DM density measurements is felt beyond the realm
of astrophysics.

The history of local DM measurements can be traced back to [6], and progress since then has
been characterized not only by increasingly precise data, but also a reduction in systematics and
modeling assumptions. As we move into the era of Gaia data starting in 2016, which promises
high precision data on an unprecedented number of stars, the primary source of uncertainty on ppm
will be systematic. Thus a reduction in the strength and number of assumptions in our analysis
techniques is crucial.

A well established method to determine ppy is to measure the vertical (z-direction) motions
of tracer stars in the galactic disc plane [7, 8, 9, 10, 11]. This direction is particularly interesting
as the baryonic contribution falls off rapidly, allowing one to probe the DM contribution which is
approximately constant with height. In this proceedings we introduce a new method to determine
the local DM density by fitting a mass model to tracer density and velocity dispersion of stars in
the z-direction via the Jeans equations and present initial tests on mock data.

2. Method

The motions of a population of tracer stars can be modelled as a collisionless fluid, and thus
described by the collisionless Boltzman equation. When integrated over velocity this yields a set of
moment equations, known as the Jeans equation [12]. In axi-symmetric coordinates, and assuming
dynamical equilibrium of the disc which allows us to eliminate any time derivatives, the z-direction
Jeans equation becomes:
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where V is the density of tracer stars in the vertical direction, GZ2 is the vertical velocity dispersion,
and GI%,Z is the cross term in the velocity dispersion tensor coupling vertical and radial motions.
While Eq. 2.1 contains the necessary elements to fit a mass model to tracer density and velocity
dispersion data, it also contains derivatives, which would amplify noise already present in the
binned quantities v, GZZ, and 6,%71. Thus we take Eq. 2.1 and integrate over z to yield:
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where the normalisation parameter C is fitted to data along with the other model parameters. As
we have replaced numerical differentiation with integration this equation is more robust to noise in
the data.
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The K, term can accomodate any theory of gravity, but for this work we use only the standard
Newtonian weak field gravity, given by the Poisson equation
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rotation curve term: %

Vip =

where V2(R) is the circular speed curve at galactocentric radius R, and p is the total (baryonic
+ DM) matter density. For this study we assume a flat rotation curve, which means % goes to zero.
Taking Eq. 2.3 and integrating yields

K|
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where X.(z) is the total surface mass density of the disc.

2.4)

With these equations we can now describe how to derive the local DM density. We have
(mock) data for the velocity dispersion 622 and the tracer density v(z), derived from position and
velocity measurements of tracer stars. This data is derived by binning, and the bin centres define a
set of z points. We then construct a model consisting of several elements, each described a number
of parameters:

e Baryonic mass density is modelled as a simple exponential disk:

1 Kme lz)rn
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where Ky, sets the mass of the disc, with dimensions of acceleration, and Dy, sets the scale
height of the disc, with dimensions of length. In future work a more realistic, data driven
baryonic model will be implemented.

e Dark matter density is modelled using a combination of a term that is constant with height,
and an additional ‘dark disc’ term, described with the same parameterisation as the baryonic
disc, but with a much higher limit on the scale height parameter Dpp:
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The dark disc can be generated through several mechanisms, such as accretion of DM sub-
halos [13, 14, 15], or the flattening of a spherical DM halo in the response to the formation
of the baryon disc [16, 17, 18]. The dark disc element is turned on and off for various runs.
More complex dark discs can be modelled as a sum of these dark disc terms.

e Tilt Term Deriving the tilt term would stricly require us to solve the full set of axisymmetric
Jeans equations, but here we show that we are able to cope with this term even in the one
dimensional approximation. Tracer density and velocity dispersion are assumed to follow an
exponential in the R-direction:

V(R,z) =v(z)exp(—R/Ry) 2.7)
Or:(R,z) = Og(z)exp(—R/Ry), (2.8)
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while oy, is described by a power law, which gives a good fit to current data [?]:

Or:(R,z) = AZ"|g (2.9)

This reduces the tilt term at the solar position to a three parameter model:

1 2
T (R = AZ" —_—— 2.10
For some runs this term is set to zero, to assess the impact of ignoring the effects of tilt. Note
that while here we describe the radial component of tracer density and velocity dispersion as
an exponential, alternative descriptions would be possible if motivated by data.

e Tracer density is also modelled, even though we have access to this data. We do this so that
the tracer density can vary within the uncertainty of the data if such a variation improves the
overall fit of the model. To describe this element we go beyond the usual exponential disc
model, and instead use a description of v where the derivative of its natural log is allowed to

vary from bin to bin. We take
dlnv

dz ’
and at each bin centre a value of k; is selected, and then Vv is derived via numerical integra-
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tion. This description allows us to limit unphysical models and fitting to noise by selecting
appropriate priors on k, values.

The sum of the parameters that go into the above model, plus the normalisation constant C from
Eq. 2.2, form an N-dimensional parameters space'. Specifying a point in this parameter space, i.e.
giving numerical values to each of the parameters, gives us numerical values for each of the terms
on the RHS of Eq. 2.2. Thus we can derive 61%.1 for this parameter space point. The model values
for v(z) and o;(z) are then compared to data using a x? test. We then use Multinest [19, 20, 21] to
explore the parameter space within appropriate priors and map the posterior distribution, allowing
us to determine credible regions for each of the parameters.

3. Mock Data

To hone and verify the method we first test it on mock data. For this study the mock data is
‘as good as it gets’ [22], in the sense that we add no measurement error. Assuming an exponential
tracer density, a baryonic mass profile as described by Eq. 2.5, and a dark matter mass profile as
described by Eq. 2.6, we can derive a velocity dispersion profile GZZ (z) using Eq. 2.2. We then draw
a stellar position 7’ from the exponential tracer density, and then draw its velocity from a gaussian
centered on v, = 0 and with variance of of(z’ ). This process is repeated to produce data sets with
various numbers of stars. Assuming different scale heights for the exponential tracer density allows
us to generate different data sets representing sampling of thick and thin disc stars.

1 is the sum of the number of bins plus one (as we have k. values for nu at each bin centre plus a value at z = 0),
two baryon mass profile parameters, either one or three DM parameters depending on if the dark disc is used, another
three parameters if a tilt term is used, plus one parameter for the constant C from Eq. 2.2.
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To generate mock tilt data we take the same list of stellar positions and draw a value for v,vg
from a Gaussian centred on v,vg = 0 with a variance of o,(Rw,z), as described by Eq. 2.9 with
values for the A, n, and Ry parameters motivated by results from [?].

4. Results

Figure 1 shows the reconstruction of a constant DM density with sampling sizes of 10°, 10%,
10° and 109 stars. This is a basic case, with the mock data containing no tilt term and no dark disc.
The light grey band indicates 95% credible region on the posterior likelihood, while the dark grey
band indicates the 68% credible region, marginalizing over all other parameters. Naturally as the
number of tracer stars is increased the credible regions shrink and closes in on the true value of
ppM, which is indicated by the green line.

Figure 2 (a) shows a mock data set with a tilt term reconstructed with the tilt term set to zero.
The K term of Eq. 2.2, a negative number, is forced to a more negative value to compensate for
the tilt term being set to zero. This then necessitates a higher mass density, which leads to a higher
reconstructed value of ppy.

Figure 2 (b) shows the ability of the method to find and fit to a dark disk. The mock data DM
profile (green line) is contained within the 68% credible region.

5. Conclusions

Determining the local DM density with as few assumptions as possible is important not only
to understand the structure of the galaxy but also to interpret and analyse the results of direct and
indirect DM detection experiments. Here we have presented a method to do this, which has minimal
assumptions about the global properties of the DM halo and the distribution of the tracer stars. We
have also presented a number of preliminary tests of this method on mock data, showing that the
determination of DM become more precise with increased sample size, the peril of ignoring the tilt
term, and the ability of the method to reconstruct a dark disk. More extensive tests of the method
are presented in a recent paper [23].
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Figure 1: Determination of DM density with various numbers of tracer stars. The value of ppy used to
generate the mock data is indicated by the green line. The light and dark grey bands indicate the 95% and
68% credible regions on the posterior likelihood, marginalizing over all other parameters. The red line shows
the median value of the posterior.
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Figure 2: (a) Determination of ppy using mock data with tilt but reconstructed using a model without
a tilt term. This illustrates the danger of ignoring the tilt term. (b) Reconstruction a DM density profile
incorporating a dark disc.
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