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Direct Detection 
(e.g. Xenon1T, XMASS, DAMIC, LUX...)

Indirect Detection through Solar 
Capture and annihilation to neutrinos 
(IceCube, Antares)

Scans of theoretical parameter 
space, eg Supersymmetry
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How do we measure local DM density?
•Global measurements (rotation curves): 
powerful, but have to assume global properties of the halo,
see Miguel Pato’s talk on Friday morning
e.g. Dehnen & Binney 1998; Weber & de Boer 2010; Catena & Ullio 2010; Salucci et al. 2010; McMillan 2011; Nesti & Salucci 2013; Piffl et 
al. 2014; Pato & Iocco 2015; Pato et al. 2015

•Local measurements: 
larger uncertainties but fewer assumptions
e.g. Jeans 1922; Oort 1932; Bahcall 1984; Kuijken & Gilmore 1989b, 1991; Creze et al. 1998; Garbari et al. 2012; Bovy & Tremaine 2012; 
Smith et al. 2012; Zhang et al. 2013; Bienaymé et al. 2014
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Our Method
•Local measurements in z-direction
•Data points are positions and velocities for a set of tracer stars

z

R
Φ
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You are here. 

H. Silverwood

•bin the data to get tracer density ν
and velocity dispersion 

•Focus on making as few assumptions as possible



Link kinematic data to mass density via Jeans Equations

• Tracer stars follow the Collisionless Boltzman Equation:

• f(x,v) - stellar distribution function, positions x, velocities v, gravitational potential Φ
• Integrate over velocities, switch to spherical-polar co-ordinates, and get the Jeans 

Equation in z.

Surface 
Density
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Integrate
= 0 from axisymmetry

Construct model for tracer density ν, Dark Matter + Baryon density       Kz, 
tilt term T(z). Calculate velocity dispersion σz, then fit the model to velocity dispersion, 
tracer density & tilt term to data. Use Multinest to derive posterior distribution on DM.

Key equation assumes only dynamical equilibrium. Can use almost any model to describe tracer 
density, mass density and tilt term. We can in principle have more parameters than data points, 
hence we call it Non-Parametric Method. 

H. Silverwood



kz = - d ln ν
        dz

7Modelling the Components:
Tracer Density with the kz parameterization

z

z
ν

We want to discard the 
assumption of exponential 
tracer density ν.

kz allows for sufficient freedom to 
yield good fit to data. Integration of kz 
yields smoother ν profile. Priors on 
kz can further limit fitting to noise in 
data. 
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z

z
ν

We want to discard the 
assumption of exponential 
tracer density ν.

kz allows for sufficient freedom to 
yield good fit to data. Integration of kz 
yields smoother ν profile. Priors on 
kz can further limit fitting to noise in 
data. 
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Non-parametric model for 
tracer density.

Discard usual assumption of 
exponential tracer density. 



Modelling the Components:
Tilt Term

Tilt term links vertical and radial motion.

T ~ 0 at low z, becomes larger at higher z where DM 
becomes dominant part of total density profile. 

Would normally require moving to 2D Jeans equations, 
but with a few simplifying assumptions we can model the 
Tilt Term and remain in 1D.  
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ABSTRACT
Abstract.

1 INTRODUCTION

What is dark matter.

Methods of determining the local DM density can be
divided into two categories: those utilising measurements of
stars in a volume around the Sun HS: Local measures
references, and those utilising global measures of the rota-
tion curve (Pato & Iocco 2015) HS: more rotation curve
refs. Following the notation of Read (2014) we denote the
local dark matter density derived from local measurements
by ⇢

DM

, and those extrapolated from rotation curves as
⇢

DM,ext.

Determination of the local DM density ⇢

DM

is interest-
ing for several reasons. First, the local dark matter density
is a vital input into the calculation of direct dark matter de-
tection. Furthermore, limits from these direct dark matter
experiments are used in explorations of theoretical parame-
ter space

the by combining the local DM measurment derived
from purely local methods, denoted here by ⇢

DM

, with that
derived from rotation curve methods, which assume a spher-
ically symmetric halo, it is possible to probe the shape of the
DM halo.

HS: I’m currently working on the section above

Why is it interesting - local dm + rotation curve = halo
shape = galaxy formation, cosmology, alternative gravity -
direct detection, indirect detection and all subsequent the-
ory. Brief history of local dark matter measurements, and
latest results. Now entered regime where dominant uncer-
tainty will become models. With data Gaia avaialble from
2018 onwards. Example SDSS vs RAVE vs Budenbender vs
Moni-Bidin. Data now reaching up to 4kpc so now tilt is
important.

Exciting prospect of enhanced rhoDM dark disk rotat-
ing, thus interesting for f(v�) or contraction (not rotating)
but still interesting for f(v). See pifl binney.

Yet to date (largely due to poor data) authors have
assumed constant DM over the range 0 < z < 4 kpc. Yet
for this paper we relax this assumption, introduce a 1D non
parametric method, allow general data driven ⌫. Show that
we can model the tilt term while remaining 1D, marginalize
with multinest. In this paper we present the method, tests
on mocks, and ask what kind of result can we get from what
data. What quality of data we need to get what kind of
result.

2 METHOD

Intro to Jeans equation machinery, ala Almost Paper.
Discuss rotation curve term, show that its signed, Gar-

bari, Gaia, Oort constants.
Discuss tilt assumption, here we put Budenbender plot.
Our method, multinest, priors. Table of variables and

priors, Appendices with details. Table of names for all our
mocks, use a macro.

Baryon Model:

⇢

baryon

(z) =
1

4⇡G

����
KD

2

(D2 + z

2)1.5

���� (1)

G = 4.229⇥ 10�6km2 kpcM�1

� s�2

Tilt Term

⌫(R, z) = ⌫(z) exp(�R/R

0

) (2)

�Rz(R, z) = �Rz(z) exp(�R/R

1

) (3)

T (R, z) = �Rz(R, z)


1

R

� 1

R

0

� 1

R

1

�
(4)

T (R�, z) = �Rz(R�, z)


1

R�
� 1

R

0

� 1

R

1

�
(5)

�Rz(R, z) = Az

n|R (6)

�Rz(R�, z) = Az

n|R�
(7)

3 MOCK DATA SETS

As good as it gets. Drawn from Jeans equations.

4 RESULTS

One example showing lots of stu↵ (nu vs z, sigz vs z, sigRz
vs z, Sig vs z, rho vs z, rhoB vs z). Do this for an interesting
case.

For other results just show rhoDM, maybe Sigma

tot

.
Big 9x9 grids of plots. If one looks odd, follow it up with
other supporting plots. Perhaps plot showing recover of R
for tilt term.
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Parameters:
•A, 
•n, 
•R0=R1
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Constant ρDM

Within 10% of correct spherical 
halo density up to z ~ 3kpc

Constant ρDM + Dark Disc
Dark Discs from e.g. accretion of 
subhalos, Partially Interacting DM.

Similar vertical profile from 
flattened, oblate halo.  

10Modelling the Components:
Dark Matter Density profile

z

ρ

ρ
Constant ρDM

Constant ρDM + Dark Disk

z

H. Silverwood



Results:

•Initial testing on Mock Data sets 
generated from distribution functions
•varying numbers of tracer stars
•With & without effects of tilt (radial-
vertical motion coupling)
•With & without dark discs

68% Credible Region

95% Credible Region

Mock Data
“Right Answer”

Posterior Median

H. Silverwood 11



Results: Sampling

More data points = better result.

104 tracer stars 105 tracer stars 106 tracer stars

68% Credible Region

95% Credible Region

Mock Data

Posterior Median

12H. Silverwood



Results: The Importance of Tilt

Mock: No tilt
Recon: No tilt

Mock: Tilt
Recon: No tilt

Mock: Tilt
Recon: Tilt

Neglecting tilt leads to a systematic bias of the 
dark matter density, given fixed baryon density profile.

13H. Silverwood



Method is able to reconstruct a Dark Disc structure.
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Results: Dark Discs

Dark Disc Big Dark Disc
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Ongoing Work:
• Testing on mock data sets generated from 

N-body simulations.
•Updating baryon model 
•Working with G-dwarf measurements from 

the Sloan Digital Sky Survey (SDSS)

Future Work
• 2016: Tycho-Gaia Astrometric Solution: 

combine data from Tycho catalogue (from 
Hipparcos, 1993) with first  Gaia data, 
leverage 24 year time difference.
• Incorporate axial term and expand method 

to two and three dimensions
• 2016-2022: Gaia data releases

15H. Silverwood
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Conclusions

•New method to reconstruct vertical 
Dark Matter density profile and Local Dark 
Matter Density

•Enormous freedom in describing the 
input models: we can move beyond constant 
Dark Matter density profile and exponential 
tracer density profile

•Tilt term is very important for local Dark 
Matter measurements - ignoring it will yield 
systematic bias. Our method can deal with 
tilt term within a 1D approach. 

Thank you.

16H. Silverwood
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DM mass 
density

Baryonic 
mass density 
(multiple 
pops)

Tracer 
Density

Tilt Term

kz = - d ln ν
        dz

19

PA
R

A
M

ET
ER

S
Modelling the Components:
Tracer Density with the kz parameterization

z

z
ν

We want to discard the 
assumption of exponential 
tracer density ν.

kz allows for sufficient freedom to 
yield good fit to data. Integration 
of kz yields smoother ν profile. 
Priors on kz can further limit 
fitting to noise in data. 
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DM mass 
density

Baryonic 
mass density 
(multiple 
pops)

Tracer 
Density

Tilt Term

Modelling the Components:
Tilt Term

Tilt term links vertical and radial motion.

Important at higher z, where DM 
contribution becomes higher

Would normally require moving to 2D 
Jeans equations, but with a few 
simplifying assumptions we can model 
the Tilt Term and remain in 1D.  

Mon. Not. R. Astron. Soc. 000, 000–000 (0000) Printed 8 June 2015 (MN L

A

T

E

X style file v2.2)

A non-parametric method for measuring the local dark

matter density

H. Silverwood, S. Sivertsson, P. Steger, J. I. Read, G. Bertone

8 June 2015

ABSTRACT
Abstract.

1 INTRODUCTION

What is dark matter.

Methods of determining the local DM density can be
divided into two categories: those utilising measurements of
stars in a volume around the Sun HS: Local measures
references, and those utilising global measures of the rota-
tion curve (Pato & Iocco 2015) HS: more rotation curve
refs. Following the notation of Read (2014) we denote the
local dark matter density derived from local measurements
by ⇢

DM

, and those extrapolated from rotation curves as
⇢

DM,ext.

Determination of the local DM density ⇢

DM

is interest-
ing for several reasons. First, the local dark matter density
is a vital input into the calculation of direct dark matter de-
tection. Furthermore, limits from these direct dark matter
experiments are used in explorations of theoretical parame-
ter space

the by combining the local DM measurment derived
from purely local methods, denoted here by ⇢

DM

, with that
derived from rotation curve methods, which assume a spher-
ically symmetric halo, it is possible to probe the shape of the
DM halo.

HS: I’m currently working on the section above

Why is it interesting - local dm + rotation curve = halo
shape = galaxy formation, cosmology, alternative gravity -
direct detection, indirect detection and all subsequent the-
ory. Brief history of local dark matter measurements, and
latest results. Now entered regime where dominant uncer-
tainty will become models. With data Gaia avaialble from
2018 onwards. Example SDSS vs RAVE vs Budenbender vs
Moni-Bidin. Data now reaching up to 4kpc so now tilt is
important.

Exciting prospect of enhanced rhoDM dark disk rotat-
ing, thus interesting for f(v�) or contraction (not rotating)
but still interesting for f(v). See pifl binney.

Yet to date (largely due to poor data) authors have
assumed constant DM over the range 0 < z < 4 kpc. Yet
for this paper we relax this assumption, introduce a 1D non
parametric method, allow general data driven ⌫. Show that
we can model the tilt term while remaining 1D, marginalize
with multinest. In this paper we present the method, tests
on mocks, and ask what kind of result can we get from what
data. What quality of data we need to get what kind of
result.

2 METHOD

Intro to Jeans equation machinery, ala Almost Paper.
Discuss rotation curve term, show that its signed, Gar-

bari, Gaia, Oort constants.
Discuss tilt assumption, here we put Budenbender plot.
Our method, multinest, priors. Table of variables and

priors, Appendices with details. Table of names for all our
mocks, use a macro.

Baryon Model:

⇢

baryon

(z) =
1

4⇡G

����
KD

2

(D2 + z

2)1.5

���� (1)

G = 4.229⇥ 10�6km2 kpcM�1

� s�2

Tilt Term

⌫(R, z) = ⌫(z) exp(�R/R

0

) (2)

�Rz(R, z) = �Rz(z) exp(�R/R

1

) (3)

T (R, z) = �Rz(R, z)


1

R

� 1

R

0

� 1

R

1

�
(4)

T (R�, z) = �Rz(R�, z)


1

R�
� 1

R

0

� 1

R

1

�
(5)

�Rz(R, z) = Az

n|R (6)

�Rz(R�, z) = Az

n|R�
(7)

3 MOCK DATA SETS

As good as it gets. Drawn from Jeans equations.

4 RESULTS

One example showing lots of stu↵ (nu vs z, sigz vs z, sigRz
vs z, Sig vs z, rho vs z, rhoB vs z). Do this for an interesting
case.

For other results just show rhoDM, maybe Sigma

tot

.
Big 9x9 grids of plots. If one looks odd, follow it up with
other supporting plots. Perhaps plot showing recover of R
for tilt term.

c� 0000 RAS

Mon. Not. R. Astron. Soc. 000, 000–000 (0000) Printed 8 June 2015 (MN L

A

T

E

X style file v2.2)

A non-parametric method for measuring the local dark

matter density

H. Silverwood, S. Sivertsson, P. Steger, J. I. Read, G. Bertone

8 June 2015

ABSTRACT
Abstract.

1 INTRODUCTION

What is dark matter.

Methods of determining the local DM density can be
divided into two categories: those utilising measurements of
stars in a volume around the Sun HS: Local measures
references, and those utilising global measures of the rota-
tion curve (Pato & Iocco 2015) HS: more rotation curve
refs. Following the notation of Read (2014) we denote the
local dark matter density derived from local measurements
by ⇢

DM

, and those extrapolated from rotation curves as
⇢

DM,ext.

Determination of the local DM density ⇢

DM

is interest-
ing for several reasons. First, the local dark matter density
is a vital input into the calculation of direct dark matter de-
tection. Furthermore, limits from these direct dark matter
experiments are used in explorations of theoretical parame-
ter space

the by combining the local DM measurment derived
from purely local methods, denoted here by ⇢

DM

, with that
derived from rotation curve methods, which assume a spher-
ically symmetric halo, it is possible to probe the shape of the
DM halo.

HS: I’m currently working on the section above

Why is it interesting - local dm + rotation curve = halo
shape = galaxy formation, cosmology, alternative gravity -
direct detection, indirect detection and all subsequent the-
ory. Brief history of local dark matter measurements, and
latest results. Now entered regime where dominant uncer-
tainty will become models. With data Gaia avaialble from
2018 onwards. Example SDSS vs RAVE vs Budenbender vs
Moni-Bidin. Data now reaching up to 4kpc so now tilt is
important.

Exciting prospect of enhanced rhoDM dark disk rotat-
ing, thus interesting for f(v�) or contraction (not rotating)
but still interesting for f(v). See pifl binney.

Yet to date (largely due to poor data) authors have
assumed constant DM over the range 0 < z < 4 kpc. Yet
for this paper we relax this assumption, introduce a 1D non
parametric method, allow general data driven ⌫. Show that
we can model the tilt term while remaining 1D, marginalize
with multinest. In this paper we present the method, tests
on mocks, and ask what kind of result can we get from what
data. What quality of data we need to get what kind of
result.

2 METHOD

Intro to Jeans equation machinery, ala Almost Paper.
Discuss rotation curve term, show that its signed, Gar-

bari, Gaia, Oort constants.
Discuss tilt assumption, here we put Budenbender plot.
Our method, multinest, priors. Table of variables and

priors, Appendices with details. Table of names for all our
mocks, use a macro.
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3 MOCK DATA SETS

As good as it gets. Drawn from Jeans equations.

4 RESULTS

One example showing lots of stu↵ (nu vs z, sigz vs z, sigRz
vs z, Sig vs z, rho vs z, rhoB vs z). Do this for an interesting
case.

For other results just show rhoDM, maybe Sigma

tot

.
Big 9x9 grids of plots. If one looks odd, follow it up with
other supporting plots. Perhaps plot showing recover of R
for tilt term.
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1 INTRODUCTION

What is dark matter.

Methods of determining the local DM density can be
divided into two categories: those utilising measurements of
stars in a volume around the Sun HS: Local measures
references, and those utilising global measures of the rota-
tion curve (Pato & Iocco 2015) HS: more rotation curve
refs. Following the notation of Read (2014) we denote the
local dark matter density derived from local measurements
by ⇢

DM

, and those extrapolated from rotation curves as
⇢

DM,ext.

Determination of the local DM density ⇢

DM

is interest-
ing for several reasons. First, the local dark matter density
is a vital input into the calculation of direct dark matter de-
tection. Furthermore, limits from these direct dark matter
experiments are used in explorations of theoretical parame-
ter space

the by combining the local DM measurment derived
from purely local methods, denoted here by ⇢

DM

, with that
derived from rotation curve methods, which assume a spher-
ically symmetric halo, it is possible to probe the shape of the
DM halo.

HS: I’m currently working on the section above

Why is it interesting - local dm + rotation curve = halo
shape = galaxy formation, cosmology, alternative gravity -
direct detection, indirect detection and all subsequent the-
ory. Brief history of local dark matter measurements, and
latest results. Now entered regime where dominant uncer-
tainty will become models. With data Gaia avaialble from
2018 onwards. Example SDSS vs RAVE vs Budenbender vs
Moni-Bidin. Data now reaching up to 4kpc so now tilt is
important.

Exciting prospect of enhanced rhoDM dark disk rotat-
ing, thus interesting for f(v�) or contraction (not rotating)
but still interesting for f(v). See pifl binney.
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on mocks, and ask what kind of result can we get from what
data. What quality of data we need to get what kind of
result.
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case.
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for tilt term.
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Parameters:
•A, 
•n, 
•R0=R1
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DM mass 
density

Baryonic 
mass density 
(multiple 
pops)

Tracer 
Density

Tilt Term

Constant ρDM

Within 10% of correct spherical 
halo density up to z ~ 3kpc

Constant ρDM + Dark Disc
Dark Discs from e.g. accretion of 
subhalos, Partially Interacting DM.

Similar vertical profile from 
flattened, oblate halo.  
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Modelling the Components:
Dark Matter Density profile

z

ρ

ρ
Constant ρDM

Constant ρDM + Dark Disk
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